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Preface 



Over the decades, much of the literature has focused on the biological and 
ecological aspects of algae found in freshwater, marine, and brackish environ- 
ments. These organisms are also known to inhabit various other environments 
on Earth. More recently, there has been a substantial shift toward the concept of 
sustainable development and the “green economy” with emphasis on exploiting 
biological systems for the benefit of mankind. This underpins the fundamentals of 
the field of biotechnology, which has revolutionized various fields including agri- 
culture, food, pharmaceutical and medical sciences, environmental sciences, and 
industrial feedstock, thus positively impacting most spheres of human endeavor. 
Algae — but more specifically, microalgae — have been associated with problem- 
atic events such as algal blooms caused by eutrophication of aquatic environments, 
and in some cases the toxins produced have serious health impacts on the aquatic 
environment, plants, animals, and humans. However, these events are largely due 
to human activities resulting in the proliferation of nutrients in aquatic environ- 
ments. The significance of algae cannot be underestimated as they contribute 
approximately 40% of the oxygen in the atmosphere, are the original source of 
fossil fuels, and are the primary producers in the oceans. Therefore, there is poten- 
tial for exploitation of this invaluable biomass source that could lead to definite 
environmental and economic benefits for man. 

Therefore, the present book attempts to encompass the latest developments and 
recent research thrust and trends focusing specifically on the potential biotechno- 
logical application of microalgae. Strain selection, growth characteristics, large- 
scale culturing, and biomass harvesting have been discussed in detail and critically 
evaluated. With regard to the benefits of using algal technology, the major areas of 
progress have been in the fields of biodiesel production using microalgae, screening 
and production of high-value products from algae, and evaluating carbon dioxide 
sequestration from flue gas as a climate change mitigation strategy. The latter areas 
of research are clearly central to a sustainable development approach that is cur- 
rently attracting global attention. Compared to conventional crops, biodiesel from 
microalgae has shown superior potential in terms of yields and using wastewater 
as a substrate. However, critical evaluation of the technology has signaled some 
limitations with regard to large-scale biomass processing, specifically with regard 
to harvesting and oil extraction. Globally, much attention is currently focused on 
overcoming these hurdles to improve the techno-economics and make algal bio- 
diesel a fuel for tomorrow. Findings have shown that a biorefinery approach will 
certainly aid in improving the economics and large-scale application of the tech- 
nology. Producing high-value products (health care products, pigments, etc.) spe- 
cifically using microalgae is a large income-generating industry in many parts of 
the world, with potential for substantial growth. In addition, algal technology can 
be used as a cheaper option for the treatment of wastewater streams. 
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Preface 



Therefore, this book will serve as an excellent reference for researchers and prac- 
titioners, providing a comprehensive outline of the most recent developments and 
advances in the field of biotechnological applications of microalgae. 

I would like to thank all the authors for their contributions to this book. 

Professor Faizal Bux 

Institute for Water and Wastewater Technology 
Durban University of Technology 
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1.1 GENERAL OVERVIEW 

Microalgae are single-celled, ubiquitous, prokaryotic and eukaryotic primary 
photosynthetic microorganisms that are taxonomically and phylogenetically diverse. 
The advanced plant life of today is thought to have evolved from these simple 
microscopic plant-like entities. In general, the algae are a heterogeneous group of 
polyphyletic photosynthetic organisms with an estimated 350,000 known species 
(Brodie and Zuccarella, 2007). There are predominantly two prokaryotic divisions 
(Cyanophyta and Prochlorophyta) and nine eukaryotic divisions (Glaucophyta, 
Rhodophyta, Heterokontophyta, Haptophyta, Cryptophyta, Dinophyta, Euglenophyta, 
Chlorarachniophyta, and Chlorophyta). The biology of microalgae is interesting, and 
their enigma is due to their wide diversity as well as their plethora of habitats. The 
biology of microalgae is discussed extensively in Chapter 2 of this book. 

Interest in microalgal cultivation is currently blossoming globally for a number 
of reasons. Microalgae are not extremely fastidious microorganisms but are found 
in diverse aquatic habitats. Microalgae can be found almost anywhere on Earth, in 
freshwater, marine, and hyper-saline environments (Williams and Laurens, 2010). 
The nutritional requirements of a wide array of microalgal strains are known, and 
the technology for microalgal cultivation is developing at a fast pace. The advent of 
genetic engineering protocols has brought new vistas to algal molecular systemat- 
ics. Recently, the general study of microalgae using genomics and molecular biol- 
ogy tools has attained phenomenal dimensions. The sheer number of microalgal 
strains from extreme environments that are yet to be discovered and identified 
is enormous (Brodie and Lewis, 2007). However, microalgal culture collection 
banks have been established as repository centers for these microorganisms (e.g., 
UTEX at The University of Texas at Austin). 

The importance of microalgae in day-to-day life cannot be overemphasized. 
As the main primary producers, microalgal biomass is used for food and feed 
supplements (Lewis et al., 2000). Microalgae are important sources of commercial 



1 



2 



Biotechnological Applications of Microalgae 



products such as polyunsaturated fatty acid (PUFA) oils (e.g., y-linolenic acid 
(GLA), arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic 
acid (DHA)) (Spolaore et al., 2006). In addition, microalgae such as Dunaliella 
and Haematococcus are important sources of carotenoids such as (3 -carotene and 
astaxanthin, respectively (Spolaore et al., 2006). Furthermore, the cyanobacterium 
Anthrospira and the rhodophyte Porphyridium are the main commercial producers 
of phycobiliproteins (i.e., phycoerythrin and phycocyanin), which are used as natu- 
ral dyes and for pharmaceutical applications (Spolaore et al., 2006). Potential bio- 
technological applications and value-added products generated from microalgae are 
discussed in Chapter 10 of this volume. 

Chlorella, Arthrospira, and Nostoc are cultivated worldwide for human and 
animal nutrition, owing to their chemical composition (Spolaore et al., 2006). 
Microalgae have been hailed as the panacea for the dwindling petroleum-based 
fuels, and the preponderance of shorter-chain fatty acids has significance for their 
potential as diesel fuels (Chisti, 2007; Williams and Laurens, 2010). The efficacy 
of using microalgal biomass and lipids as alternative biofuels is currently a topical 
issue. Biofuels such as biodiesel, biomethane, biohydrogen, biobutanol, etc., can be 
generated from microalgae (Chisti, 2007). Current research is targeting other novel 
potential biotechnological applications in aquaculture, cosmetics, pharmaceuticals, 
and animal and human nutrition. It is envisaged that future research should focus on 
microalgal strain improvement through genetic engineering, in order to diversify and 
economically improve product competitiveness (Spolaore et al., 2006). Microalgal 
genetic manipulation is still in its infancy and is a pertinent area of investigation in 
order to improve the quality and quantity of products generated from microalgae. 
However, the development of nondestructive product recovery techniques from con- 
tinuous cultivation systems will greatly improve product yield. 

Successful microalgal cultivation and generation of these products calls for metic- 
ulous and rigorous microalgal strain selection. Two important steps in obtaining a 
robust and suitable microalgal candidate are (1) bioprospecting of target microalgal 
strain samples from diverse habitats, and (2) strain selection, isolation, and purifica- 
tion using conventional and advanced microbiological methods (Grobbelaar, 2009; 
Mutanda et al., 2011). Suitable microalgal strains can be obtained commercially 
from registered authentic culture collection centers. The microalgal strain of choice 
is maintained under laboratory conditions, either as a freeze-dried sample or as a 
slant on solid media at 4°C with routine subculturing. The ever-growing field of phy- 
cology has introduced new, exciting, and efficient techniques for maintaining micro- 
algal cultures at ultra-low temperatures (i.e., cryopreservation). Microalgal strain 
selection for biodiesel production is discussed in detail in Chapter 3 of this volume. 

The enumeration of microalgae poses a real challenge due to the requirement of 
sophisticated equipment such as flow cytometers. The use of optical microscopes 
for cell counting is relatively cheaper, although not very accurate as compared to 
faster automated cell counting techniques (Guillard and Sieracki, 2005; Marie et al., 
2005). Microalgal cells are counted in order to estimate the size of the cultured pop- 
ulation and to estimate the rate of culture growth (i.e., determination of the rate of 
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population increase) (Guillard and Sieracki, 2005). Microalgal enumeration methods 
are described in detail in Chapter 4 of this volume. 

The important factors affecting microalgal growth are light intensity, tempera- 
ture, nutrients, CO, availability, pH, and salinity (Bhola et al., 2011: Rosenberg et al., 
2011). Other factors such as conductivity, oxidation/reduction potential (ORP), total 
dissolved solids (TDS), and biological factors such as protozoa are also important. 
These factors must be closely monitored to prevent failure of the cultivation system, 
especially when growing microalgae on a large commercial scale. 

There are essentially two commonly used methods for microalgal cultivation, 
namely open raceway ponds and photobioreactors. The design, and the pros and cons, 
of these cultivation systems are discussed in detail in Chapter 5. The open raceway 
system is amenable to large-scale microalgal cultivation because it is simple and cost 
effective to operate. Despite these attractive features, microalgal biomass harvesting 
still remains a huge challenge. Harvesting microalgal biomass is technically difficult 
because the biomass exists as a dilute aqueous suspension. Furthermore, microalgal 
cells are very difficult to remove due to their miniscule size (<20 pm), similar in 
density to water (Lavoie and De la Noue, 1986), and strong negative surface charge, 
particularly during exponential growth (Moraine et al., 1979; Park et al., 2011). It is a 
relatively daunting task to surmount these drawbacks. 

Several methods are available for dewatering and recovering microalgal biomass, 
such as centrifugation, flocculation, gravity settling, microfiltration, and dissolved 
air floatation (DAF) inter alia (Lavoie and de la Noue, 1986; Molina Grima et al., 
2003). The technology for microalgal biomass harvesting is still in its infancy, and 
trials on suitable combinations of these methods are currently underway (Williams 
and Laurens, 2010). The use of the centrifugation technique on a large scale is not 
cost effective due the colossal amounts of power consumption (Mutanda et al., 2011). 
The techniques available for microalgal harvesting and dewatering are discussed at 
length in Chapter 6. 

There are several techniques that are used for extracting lipids from microal- 
gal biomass (Lewis et al., 2000). Most of these methods are destructive; however, 
it is desirable to develop nondestructive methods for continuous extraction of 
lipids from live microalgal cells. The solvent extraction system using a mixture 
of solvents such as hexane and methanol are commonly used. Other methods are 
sonication and microwave-assisted extraction. The Bligh and Dyer method (1959) 
has been commonly used in many applications, whereby lipids are extracted from 
biological material using a combination of chloroform and methanol (Lewis et al., 
2000). Extracting lipids from microalgal biomass is a real challenge because it is 
intracellular and therefore requires a cell disruption step. Currently, research is 
ongoing to develop cost-effective and efficient lipid extraction strategies (Molina- 
Grima et al., 2003; Williams and Laurens, 2010). Subsequent to lipid extraction, it 
is desirable to accurately identify the lipid and characterize the lipids using highly 
analytical techniques. This is done to establish whether the lipids extracted are suit- 
able for application to biodiesel production. Techniques that are widely used for 
the analysis of lipids are gas chromatography with mass spectrometry (GC-MS), 
liquid chromatography (LC), matrix-assisted laser desorption/ionization-time 
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of flight (MALDI-TOF), thin-layer chromatography (TLC), etc. Chapter 7 explores 
in detail the lipid extraction and identification techniques that are commonly used. 

Microalgal lipids are converted into biodiesel through transesterification steps. 
Transesterification of microalgal lipids into biodiesel is accomplished either 
chemically or biologically using lipolytic enzymes. These methods are outlined in 
Chapter 8. To establish the feasibility of biodiesel production from microalgae, it is 
prudent to perform a life cycle analysis (LCA). The procedures involved in LCA are 
discussed in Chapter 9. Apart from generating biofuels and other value-added prod- 
ucts, microalgae cultivation is also profoundly involved in climate change abatement 
through C0 2 sequestration. This important application of microalgae is discussed in 
Chapter 11. Microalgae can use wastewater rich in nitrates and phosphates as sub- 
strates for growth while simultaneously removing these macronutrients and thereby 
arresting eutrophication. Therefore, microalgae are involved in the phycoremedia- 
tion of domestic and industrial wastewaters, and this is achieved in high-rate algal 
ponds (Chapter 12). Finally, Chapter 13 discusses general microalgal biotechnology 
in terms of its potential as today’s “green gold rush.” The chapter gives an overview 
of advanced techniques such as genetic engineering of microalgae so as to increase 
lipid yield. 
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2.1 TAXONOMY 

Algae are a diverse group of organisms that can perform photosynthesis efficiently. 
On the basis of morphology and size, algae can be subdivided and are classified 
into two main categories: macroalgae and microalgae. Macroalgae consist of mul- 
tiple cells that organize into structures resembling the roots, stems, and leaves of 
higher plants (e.g., kelp). Microalgae are an extremely diverse group of primary 
producers present in almost all ecosystems on Earth, ranging from marine, fresh- 
water, desert sands, and hot springs, to snow and ice (Guschina and Harwood, 
2006). They are colonial or single-celled organisms that have garnered increasing 
amounts of attention and interest for industrial purposes. They are categorized 
into divisions based on various characteristics such as morphological features, pig- 
mentation, the chemical nature of photosynthetic storage products, and the orga- 
nization of photosynthetic membranes. The four most important algal groups in 
terms of abundance are green algae (Chlorophyceae), diatoms (Bacillariophyceae), 
blue-green algae (Cyanophyceae), and golden algae (Chrysophyceae) (Khan et al., 
2009). According to estimations reported by Cardozo et al. (2007), they include 
between 200,000 and 800,000 species, of which about only 35,000 species have 
been described. 

2.1.1 General Characteristics 

The main characteristics of microalgae are primarily simple morphological features 
that can easily be observed under a light microscope. Cyanophyceae consist of prokary- 
otic cells commonly called the blue-green algae. They are similar to Gram-negative 
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bacteria, based on the nature of the cell wall, cell structure, and capacity to fix atmo- 
spheric nitrogen; hence they are called cyanobacteria. However, they possess the pho- 
tosynthetic system chlorophyll-a, accessory pigments, and thallus organization that 
resembles other algae. Cyanophyceae members can be broadly divided into coccoid 
forms and filamentous forms. The coccoid has various forms, from single cell to aggre- 
gates of unicellular cells; regular or irregular colonies; and pseudofilamentous and 
pseudoparenchymatous conditions. The filamentous forms exist as simple uniseriate 
filaments to heterotrichous filaments, which may be differentiated into heterocysts and 
akinetes. These are ubiquitous in nature, occurring in several habitats with extreme 
conditions (i.e., temperature, light, pH, and nutritional resources). They are found abun- 
dantly in a variety of natural and artificial aquatic ecosystems. Cyanophyceae members 
can be easily identified within a mixture of other algae by their distinct blue-green color. 

The Chlorophyceae constitute a major group of algae occurring in various habi- 
tats. The cells are usually green in color due to the presence of pigments such as 
chlorophyll-a and -b. The cells contain chloroplasts of various shapes that are located 
differently in each group of organisms. In addition, the chloroplasts also contain 
pyrenoids. The nucleus of this group may present either singly or in multiples but in 
major organisms occurs singly although some genera are multinucleate. Flagellated 
cells are common either in the vegetative or reproductive phase. There is at least one 
group without any flagellated cells. 

Euglenophyceae members are unicellular, motile, and usually contain one promi- 
nent flagellum and in some cases two flagella. The anterior position of a cell has 
a visible gullet, and many dissimilar chloroplasts are found in autotrophic forms and 
are absent in other forms. Euglenoid cells are enclosed by a proteinacious pellicle 
and help the organisms achieve pleomorphism. These are widely distributed in all 
types of water bodies, particularly in organic-rich aquatic ecosystems. 

Bacillariophyceae members are popularly known as diatoms. They are basically 
unicellular, and also occur as pseudofilaments or aggregated in colonies. The cell 
wall of a diatom is impregnated with silica and they have been well preserved as 
microfossils. The diatom cell is also called a frustule, and the classification of dia- 
toms is based on the pattern of ornamentation on their wall. The cells have either 
radial or bilateral symmetry. The frustules consist of two halves (epitheca and 
hypotheca) and connecting girdle bands. The surface of the valve has typical mark- 
ings. Punctae are regularly or irregularly arranged to form striae. Areolae are pores 
or chambers within the valve wall. Costae are elongated thickenings of the valve 
wall due to heavy deposition of silica. The valves of some diatoms have an open- 
ing or fissure along the apical axis called the raphe. The presence of the raphe or its 
absence on the walls of the diatoms has been one of the features in the identification 
of diatoms and distinguishing different genera. The radially symmetric forms are 
grouped as Centracles and the bilaterally symmetric ones are Pennales. 

2.2 MORPHOLOGICAL IDENTIFICATION 

Understanding biodiversity is critical in ecological research because it unravels the 
role of each single species in the ecosystem in mediating the environment for the 
entire biological community. The microalgal biodiversity of a region has economic 
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value and, hence, any loss in biodiversity is of serious economic concern. This 
emphasizes the need and importance of biodiversity conservation. A survey of the 
literature on microalgae diversity during the past four decades has revealed that 
ecosystems harbor a large number of algae belonging to various groups. Despite 
the availability of elaborate monographs on specific groups of algae, any significant 
amounts of literature on the taxonomy of several algal species and genera remain 
scarce and scattered. 

Proper identification of the algal taxa has always been considered “not an easy 
task.” Biochemical investigations of, and research into, environmentally important 
organisms have diversified phycological research and allowed it to enter a whole new 
phase altogether. Discovery of the potential of microalgae for industrial production 
of certain chemicals of pharmaceutical value led to the involvement of multifari- 
ous types of scientists in understanding the algae. Researchers on the threshold of 
algal taxonomic study and nonbotanists who are intrigued to know about the algae 
for pursuing research of their own interest are overwhelmed by the huge literature 
available. The present work therefore is an attempt to bring together a basic way 
of identifying all microalgae belonging to many of the genera of various groups of 
algae that occur abundantly and commonly in all ecosystems. Photographs were 
prepared for various groups of algae as described here. These photographs con- 
tain taxonomic information on the individual groups of organisms, especially the 
identification of genera and species. Different species of microalgae were recorded 
from water samples. All species of microalgae belonged to two major groups of 
algae, namely Bacillariophyceae and Dinophyceae. The Bacillariophyceae mem- 
bers were represented by Mastogloia paradoxa Grun., Rhabdonema adriatium Ktz., 
Synedra gruvei Grunow, Chaetoceros orientalis Schiller, Nitzschia draveillensis 
Coste & Ricard, Pleurosigma formosum Wm. Smith, Coscinodiscus janischii var. 
arafurensis Grun., Cocconeis scutellum Ehrenb., Podocystis spathulata (Shadbolt) 
Van Heurck, Actinocylus octonarius Ehrenb., Biddulphia biddulphiana (Smith) 
Boyer, Thalassionema nitzshioides Grun., Rhizosolenia setigera Brightwell, and 
Thalassiothrix longissima Cleve & Grun. The Dinoflagellates are represented by 
Ceratium hirundinella (Muller) Dujardin, Ceratium longipeps (Bailey) Grun., 
Ceratium trichoceros (Ehrenberg) Kofoid, and Gymnodinium sanguineum Hirasaka 
(Figures 2.1, 2.2, 2.3, and 2.4; see color insert) (Rajkumar, 2010). 

2.3 MOLECULAR IDENTIFICATION 

Recent research in microalgal ecology, physiology, systematics, and genomics has 
revealed a vast, unexpected diversity. The estimation of microalgal biodiversity has 
been hindered by cultivating microalgae for commercial products. Molecular iden- 
tification serves as a prominent tool to distinguish inter- and intra-specific morpho- 
logically similar species (Olmos et al., 2000) and mixed populations (Olsen et al., 
1986). The developments of modern biotechnological tools, such as polymerase 
chain reaction (PCR)- and rDNA-based technologies facilitate in detecting small 
numbers of microalgae in complex natural populations and are widely applied to 
ascertain the systematic position of species. Sequence analysis has been used to 
clarify the taxonomic affinities of a wide range of taxa (Mclnnery et ah, 1995; 
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FIGURE 2.1 (See color insert.) Morphological diversity of microalgae: (a) Mastogloia 
paradoxa Grun., (b) Rhabdonema adriatium Ktz., (c) Synedra gruvei Grun. 




FIGURE 2.2 (See color insert.) Morphological diversity of microalgae: (a) Chaetoceros 
orientalis Schiller, (b) Nitzschia draveillensis Coste & Ricard, (c) Pleurosigma formosum 
Wm. Smith, (d) Coscinodiscus janischii var. arafurensis Grun., (e) Cocconeis scutellum 
Ehrenb., (f) Podocystis spathulata (Shadbolt) Van Heurck. 

Baker et al., 1999) and as a powerful tool for assessing the genetic diversity of 
environmental samples (Van Waasberngen et al., 2000; Baker et al., 2001). Apart 
from detecting genetic diversity, molecular tools may also help in detecting the 
spatial repartition of an organism, both in marine and freshwater microalgae. PCR- 
based methods are more commonly utilized due to their rapid results. They have 
been successfully used to detect the genetic make-up of various natural samples. 
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FIGURE 2.3 (See color insert.) Morphological diversity of microalgae: (a) Actinocylus 
octonarius Ehrenb., (b) Biddulphia biddulphiana (Smith) Boyer, (c) Thalassionema nitzshioides 
Grun., (d) Rhizosolenia setigera Btw., (e) Thalassiothrix longissima Cleve & Grun. 






FIGURE 2.4 (See color insert.) Morphological diversity of microalgae: (a) Ceratium hirun- 
dinella (Muller) Dujardin, (b) Ceratium longipeps (Bailey) Grun., (c) Ceratium trichoceros 
(Ehrenberg) Kofoid, (d) Gymnodinium sanguineum Hirasaka. 



However, a problem with several commonly used primers is that they are con- 
structed theoretically and from an incomplete database of 18S rRNA sequences 
from cultured organisms. Therefore, experiential testing is pivotal to confirm PCR 
primer specificity prior to their use in environmental samples. Thus far, a large 
number of primer sequences have been produced for amplification and sequencing 
of ssu-rRNA genes. Some of them have been designed as taxa specific, whereas 
others, designed to amplify all prokaryotic ssu-rRNA genes, are referred to as uni- 
versal primers. Because the database of 18S rRNA gene sequences has grown, new 
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taxonomic groups have been revealed. Formal analyses of species borders have 
been made possible due to modern advances in techniques for sequence-based spe- 
cies delimitation (Wiens, 2007; Zhang et al., 2008). A variety of methods for detect- 
ing species are based on analytical character variation limits from DNA sequence 
data. Hence, these methods are rooted in phylogenetic species insight, aggregating 
a population that lacks separate variations into a single species, and distinguish- 
ing other species by distinct nucleotide differences (Wiens and Penkrot, 2002; 
Monaghan et al., 2005). Among these methods, statistical parsimony (Templeton 
et al., 1992) segregates a group of sequences if genotypes are connected by long 
branches that are affected by homoplasy. In recent times, the maximum likeli- 
hood approaches aim to connect between statistics and sequence data by analyz- 
ing the dynamics of lineage branching in phylogenetic trees for determining the 
species boundaries. This technique attempts to determine the point of transition 
from species-level (speciation) to population-level (coalescent) evolutionary pro- 
cesses (Pons et al., 2006; Fontaneto et al., 2007). The similar morphological or 
polymorphic traits of many algal groups that can be achieved by sequence-based 
identification are, in fact, valuable discoveries in this field (Harvey and Goff, 2006; 
Lilly et al., 2007; Vanormelingen et al., 2007). The taxonomy of the most common 
microalgal species is sorted using available distributional information that is reli- 
able. The distribution records, along with physiological information, will allow for 
designing ecological models incorporating the special effects of climatic param- 
eters, which in turn would be very useful to predict transfer in distribution due to 
climatic changes. At present, such models are nonexistent for microalgae. As a 
general conclusion, the biogeography of algae is a poorly explored area, but holds 
great potential for exciting research and is definitely worthy of much greater inter- 
est than received thus far. 

2.4 HABITATS 

Microalgal biodiversity or the variation in life forms within a given ecological region 
is often considered the measure of a specified ecosystem. Biodiversity indicates not 
only the species abundance of the area, but also the sum of the genera, species, and 
ecosystems of a region. The water bodies in these diverse habitats harbor a wide vari- 
ety of microalgae that appear, disappear, and reappear during the changing seasons. 

2.4.1 Freshwater 

Algae present in various freshwater habitats such as ponds, puddles, lakes, agricultural 
lands, oxidation ponds, streams, canals, springs, water storage tanks, reservoirs, 
and rivers are described and enumerated. Sub-aerial algae that transpire on moist 
tree barks, the walls of buildings, and dripping rocks are also considered freshwa- 
ter algae by various algologists. The information on freshwater algae is vast, yet 
remains scattered. Blue-green algae, green algae, diatoms, and euglenoid flagellates 
are the main components of freshwater habitats. There are also other types, such as 
planktons (free floating), benthons (attached to sediments), epiphytic algae (attached 
to larger algae and hydrophytes), epilithic algae (on stones and rocks of reservoirs 
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and lakes), epipelic algae (attached to sand and mud), endophytes (living inside the 
tissue of other plants), epizoic algae (on shell of snails), and endozoic forms (inside 
sponges). Considerable research has been carried out on various water bodies with 
reference to hydrological conditions and the periodicity, abundance, and seasonal 
variation of algae. Members of the green algae dominate in summer and become less 
dominant in winter. High temperatures and organic matter support the occurrence of 
euglenoids, while high phosphates and low organic matter facilitate the abundance of 
diatoms. An increase in pH, organic matter, and nutrients sometimes leads to the for- 
mation of blooms. Microcystis aeruginosa forms blooms in several highly alkaline 
and nutrient-rich ponds. Diurnal variations of microalgae have also been noticed. 
Lakes and reservoirs have been found to show highest algae occurrence during sum- 
mer and winter. The shallow waters near the shores contain epiphytic filamentous 
green algae, and the deeper waters support only deep euplanktonic organisms such 
as desmids and diatoms. Blue-green algae occur in low dissolved oxygen, abundant 
organic matter, and high temperature, and become possible indicators of pollution, 
while green algae occur with exactly the opposite conditions. Diatoms show seasonal 
periodicity, always reaching a maximum during summer, and correlate with the sili- 
cates. Desmids are very sensitive to pollution. Hydrobiological studies on polluted 
waters have led to spotting microalgal indicators by calculating the species diversity 
index. Studies on the relationship of microalgae and their nutrient requirements in 
some lakes have in certain cases led to developing approaches for conservation and 
prevention from pollution. 

2.4.2 Marine 

Marine ecosystems that form the marine environment are the largest habitats on 
Earth for a diversified group of organisms. The biotic community of marine envi- 
ronments is dominated by microalgae. They are among the largest primary pro- 
ducers of biomass in the marine environment and are common inhabitants of the 
tidal and intertidal areas of the marine ecosystem. These algae exhibit a character- 
istic geographical distribution pattern under the influence of several environmen- 
tal factors (Vijayaraghavan and Kaur, 1997). Nevertheless, the coastal ecosystem 
in the marine environment is very complex where all organisms exist in mutual 
dependency. Although considerable attention has been paid to distribution, abun- 
dance, growth, culture, biochemical constituents, by-products, and bioactivity of 
marine algae in different parts of the world (Faulkner, 1984), information is avail- 
able on the microbes, planktonic and faunal associates of marine algae, and the 
impact of various environmental factors on their distribution. The algal biotope 
with its morphological diversity is considered important in providing food, living 
space, and refuge, and offers a variety of potential habitats for the faunal spe- 
cies, including planktonic forms. A detailed investigation is therefore necessary 
to understand the actual nature of the association between algae and other forms 
to appreciate the potential importance of this interaction in the marine ecosystem. 
Steele (1988) described the “heuristic projection,” which illustrates the scales of 
importance in monitoring pelagic components of the ecological unit. The large 
marine ecosystem (LME) approach defines a spatial domain based on ecological 
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principles and, thereby, provides a basis for focused temporal and spatial scientibc 
research and monitoring efforts in support of management aimed at the long-term 
productivity and sustainability of marine habitats and resources. The plankton 
of LMEs can be studied by deploying Continuous Plankton Recorder (CPR) sys- 
tems (Glover, 1967) through commercial vessels. Advanced plankton recorders 
can be installed with sensors for intense recording of temperature, salinity, chlo- 
rophyll, nitrate/nitrite, petroleum hydrocarbons, light, bioluminescence, and pri- 
mary productivity (UNESCO, 1992; Williams, 1993), which will help monitor 
the changes in phytoplankton composition, dominance, and long-standing changes 
in the physical and nutrient characteristics of the LME. In addition, longer-term 
changes in relation to the biofeedback of the plankton community toward adverse 
climate may also be clearly understood (Hayes et al., 1993; Jossi and Goulet, 1993; 
Williams, 1993). 

The phytoplankton community includes 5,000 marine species of unicellular 
algae and has a broad diversity of cell size (mostly in the range of 1 to 100 pm), 
morphology, physiology, and biochemical composition (Margalef, 1978). All phy- 
toplankton species are capable of photosynthesis, and many have the capacity for 
rapid cell division and population growth — up to four doublings per day. The popu- 
lation dynamics of the phytoplankton can be interpreted as responses to changes in 
the individual processes that regulate the biomass (total quantity, in measures such 
as carbon, nitrogen, or chlorophyll concentration), species composition, and spatial 
distribution of the phytoplankton population. Phytoplankton have a wide distribution 
in all habitats of the marine environment and play a major role in the food chain of 
an aquatic ecosystem. Some of the phytoplankton species also act as bio-indicators, 
reflecting changes in the environment. Different hydrobiological parameters, such 
as pH, temperature, salinity, alkalinity, nutrient concentration, solar radiation, etc., 
determine species composition, diversity, succession, and abundance of phytoplank- 
ton (Perumal et al., 1999; Redekar and Wagh, 2000a, b). Remarkable changes in 
the irradiance toward phytoplankton could occur due to changing seasonal, diurnal 
cycles and weather conditions. Diatoms are the significant and often dominant con- 
stituent of benthic microalgal communities in estuarine and shallow coastal regions 
(Sullivan, 1999). 

The taxonomy of the most common species with reliable distributional informa- 
tion and records will allow for the design of ecological role models incorporating 
the effects of climatic parameters, which would be very useful in predicting shifts in 
distribution due to climatic changes. 
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3.1 BIOPROSPECTING 

Bioprospecting is the collection of biological material and the exploitation of its 
molecular, biochemical, and/or genetic content for the development of a commer- 
cial product. Precisely, bioprospecting relies on the endowment of a bioresource, 
a stock of novel biodiversity. Bioprospecting is a time-consuming process, where 
new products and markets must be identified, and a compound that covers com- 
mercial demands and social needs must be discovered. Algae are ubiquitous and 
have been evolving as primary biomass producers on the Earth for billions of years. 
Exploring this existing, self-maintaining, and diverse life form offers a rich base 
for global biotechnological innovations. Indigenous species are well adapted to pre- 
vailing regional abiotic and biotic factors, and further local strains provide an ideal 
platform for additional strain improvement and process optimization. Many algal 
species remain unknown or unexplored in science, giving logical attention to explore 
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TABLE 3.1 

Lipid Accumulating Algal Groups in Terms of Abundance 





Representative 


Estimated 
Number of 


Storage 




Algae 


Lipid Producer 


Described Species 


Material 


Habitat 


Diatoms 


Chaetoceros 


-100,000“ 


Chyrsolaminarin, 


Oceans, fresh 


(Bacillariophyceae) 


calcitrans, 

Skeletonoma sp., 

Thalassioria 

pseudonana, 

Phcieodactylum 

tricomutum 




lipids, 
polymer of 
carbohydrates 


and brackish 

water, 

terrestrial 


Green algae 3 
(Chlorophyceae) 


Botryococcus 
braunii, 
Chlorella spp., 
Chlorella 
vulgaris, 
Dunaliella 
salina, 
Scenedemus 
sp., Ulva sp. 


4,053' 


Starch and TAGs 


Freshwater, 

terrestrial, 

marine 


Blue-green algae 
(Cyanophyceae) 


Spirulina sp. 


-2,000“ 


Starch and TAGs 


Different 

habitats 


Golden algae 
(Chrysophyceae) 


Isochrysis sp. 


-1,000“ 


TAGs, leucosin, 
chrysolaminarin, 
carbohydrates 


Freshwater, 

marine 


Red algae b 
(Rhodophyta) 


Lemanea fucina, 
Gracilaria, 
Porphyridium 
cruentum 


6,081' 


Floridean starch 


Mostly 

marine, 

freshwater 


Brown algae c 
(Phaeophyceae) 


Fucus 
vesiculosus , 
Ascophyllum 
nodosum 


3,067' 


Laminarin and 
mannitol 


Marine 



a Seaweeds are included in the green algae (Chlorophyta); 
b Red algae (Rhodophyta); and 
c Brown algae (Ochrophyta or Heterokontophyta). 
d Adapted from Khan et al. (2009). 
e The World Conservation Union (2010). 



this realm for potential application. To further illustrate this point, only fifteen of the 
currently known microalgal species are mass cultivated in some applied form for use 
in nutraceuticals, aquaculture feeds, or for wastewater treatment (Raja et al., 2008). 
Furthermore, the estimated unknown species for all clades of algae are projected to 
be two orders of magnitude greater than the currently known species (Norton et al., 
1996) (Table 3.1). Of the commercialized algae, only a few species are cultivated 
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TABLE 3.2 

Annual Biomass Potential of Microalgae in Comparison to 
Major Cultivated Crops 



Biomass Alga 3 / 




Annual 


Producer 


Crop b 


Division 


Production 


Country 


Spirulina 


Cyanophyta 

(cyanobacteria) 


3,000 tonnes dry 
weight 


China, India, 
USA, 
Myanmar, 
Japan 


Chlorella 


Chlorophyta 
(green algae) 


2,000 tonnes dry 
weight 


Taiwan, 

Germany, Japan 



Dunaliella salina 

Aphanizomenon 
flos-aquae 
Haematococcus 
pluvialis 
Crypthecodin i um 
cohnii 

Schizochytrium 

spp. 

Zea mays 
(maize) 

Glycine max 
(soya) 



Chlorophyta 
(green algae) 

Cyanophyta 
(cyanobacteria) 
Chlorophyta 
(green algae) 
Pyrrophyta 
(dinoflagellates) 
Labyrinthista 

Magnoliophyta 
(flowering plants) 
Magnoliophyta 
(flowering plants) 



1,200 tonnes dry 
weight 

500 tonnes dry 
weight 

300 tonnes dry 
weight 

240 tonnes DHA 
oil 

10 tonnes DHA 
oil 

868 x 10 6 tonnes 
dry weight 

259 x 10 6 tonnes 
dry weight 



Australia, Israel, 
USA, China 

USA 

USA, India, 
Israel 

USA 

USA 

Global 

production 

Global 

production 



Application 

Human nutrition 
Animal nutrition 
Cosmetics 
Phycobiliproteins 
Human nutrition 
Aquaculture 
Cosmetics 
Human nutrition 
Cosmetics 
p-Carotene 
Human nutrition 

Aquaculture 
Astaxanthin 
Docosahexaenoic 
acid (DHA) oil 
Docosahexaenoic 
acid (DHA) oil 
Human nutrition 
Animal nutrition 
Human nutrition 
Animal nutrition 



a Adapted from Spolaore et al. (2006). 
b World Agricultural Supply and Demand Estimates (2012). 



at substantial levels, which is trivial when compared to the annual global produc- 
tion of cultivated crops (Table 3.2). To propel algal biotechnological applications to 
commercially significant sustainable levels, regional species should be investigated 
for potential application to mass-scale cultivation. The idea of bioprospecting indig- 
enous microalgae for high-value or bioactive products is not innovative. The Aquatic 
Species Program of National Renewable Energy Laboratory (NREL) stocks more 
than 3,000 microalgal strains from the United States and Hawaii (Sheehan et al., 
1998). Microalgae capable of producing large quantities of docosahexaenoic acid 
were isolated from marine environments of Western Taiwan (Yang et al., 2010). 

Up to now, the key emphasis of microalgal biofuel research has focused on upstream 
aspects such as bioreactor designs, biomass and lipid production from microalgae, and 
downstream aspects such as biomass harvesting and the chemistry of oil production. 

Microalgal bioprospecting includes isolation of exceptional microalgal strains from 
aquatic environments for potential value-added products and fine chemicals (Olaizola, 
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2003; Spolaore et al., 2006). A great deal of literature is accessible on the mass 
cultivation and sustainable use of microalgae for biofuels; however, relatively few stud- 
ies have focused on microalgal bioprospecting. Nevertheless, bioprospecting and the 
establishment of a microalgal collection exclusively for biofuel production have not 
been reported thus far. Algal bioprospecting or phycoprospecting of indigenous species 
has an advantage over other methods of sourcing algae from type culture collections 
and from genetically engineered organisms (Wilkie et al., 2011) (Table 3.3). Screening 
native algae for species with desirable traits provides a robust biological platform for 
bioresource production. This biological platform comes equipped with millions of years 



TABLE 3.3 

Comparison of Different Methods of Sourcing Algae 



Method/Source 



Merits 



Demerits 



Phycoprospecting 



Culture collections 



Genetic engineering 



• Vast diversity of species available 

• Adapted to local climates and 
outdoor cultivation 

• Adapted to local wastewaters and 
aquatic environments 

• Adapted to local biota 

• Native polycultures possible 

• May provide unique traits 
amenable to bioresource production 

• Applicable in any region regardless 
of access to culture collections 

• No charge for procurement 

• Recognized organisms 

• Unialgal and axenic cultures 

• Allows comparison between 
laboratories 

• Can select for organisms known to 
produce lipids or high-value 
compounds 

• Easy handling 

• Lower cost of algal inoculant 

• Possibility of increased lipid 
productivity Production of 
high-value compounds 

• May simplify harvesting by 
excretion of lipids or high-value 
compounds Modification of traits 
to increase productivity 



• Screening practices must be 
intensive 

• Optimization may take 
dedicated breeding programs 

• Experiments based on 
multispecies consortia difficult 
to translate across laboratories 



• Limited number of species 
available 

• Unadapted to local climates 
and outdoor cultivation 

• May not be able to grow on 
local wastes 

• Easily overtaken by native 
algae in open ponds 

• May invade local ecosystems 

• Limited genomic data for algal 
species 

• Unadapted to local climates 
and outdoor cultivation 

• High cost of development and 
containment 

• Negative public perception 

• Risk of genetic transfer 

• May invade local ecosystems 



Source: Adapted from Wilkie et al. 2011. 
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Prescreen: Nile red & 
Epifluorescence 
microscopy 



/ 



Screening for 
lipid 



Screening: High- 
throughput methods 



Qualitative and 
quantitative analyses of 
lipids 



FIGURE 3.1 Schematic outline of procedures in bioprospecting algae for biodiesel 
production. 

of adaptation to the local climate and biota, meaning less energy expended on methods 
of environmental control and sterile techniques. Specific criteria for the production of 
biofuels from indigenous algae should include biomass and lipid productivity, harvesting 
the cells, and oil extractability. Further, the algal oil derived should contain 20%-25% 
C16 and C18 saturated fatty acid methyl esters and high amounts of unsaturated fatty 
acid chains, thus offering more cleavage sites to produce hydrocarbons (Gunstone and 
Harwood, 2007). Phycoprospecting may improve the efficiency of lipid extraction by 
yielding organisms with traits amenable to oil recovery. For specific objectives such 
as algal biodiesel, feedstocks for wastewater utilization or mitigation of greenhouse 
gases (GHGs), the chosen algal strains should satisfy requirements such as the ability 
to survive in wastewater, capability to grow robustly with higher cell densities, hyper- 
lipid content as triacylglycerol, and be capable of heterotrophic or mixotrophic growth 
as wastewater provides both organic and inorganic carbon sources. Until now, research 
on screening and acclimation of microalgae to adapt to wastewater environments is 
very sporadic (Zhou et al., 2011). A schematic outline and procedures in bioprospecting 
algae for biofuel production are outlined in Figure 3.1. 

3.2 ISOLATION AND CHARACTERIZATION OF 
NATURALLY OCCURRING ALGAE 

Despite the existence of morphologically diverse algae in a wide variety of terres- 
trial and aquatic habitats, work with algae has been restricted to a relatively few 
representatives. This seems partly the result of difficulties encountered in both 
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the isolation and the subsequent purification of the algae. It has been suggested that 
the techniques normally used to isolate algae may severely limit the number of algal 
species that can be readily cultured (Castenholz, 1988). The goals of algae isolation 
and screening efforts are to identify and maintain promising algal specimens for cul- 
tivation and strain development. Because it is premature to decide on the system of 
mass cultivation, new strains should be isolated from a wide variety of environments 
to provide the largest range of metabolic versatility possible. Algae can be isolated 
from a variety of natural aquatic habitats, ranging from freshwater to brackish water, 
to marine and hyper-saline environments, to soil (Round, 1984; Mutanda et al., 
2011). Furthermore, large-scale sampling efforts should be coordinated to ensure 
the broadest coverage of environments and to avoid duplication of efforts. The selec- 
tion of specific locations can be determined by sophisticated site selection crite- 
ria through the combined use of dynamic maps, geographic information systems 
(GIS) data, and analysis tools. Ecosystems to be sampled could include aquatic 
(i.e., oceans, lakes, rivers, streams, ponds, and geothermal springs, which includes 
fresh, brackish, hypersaline, and acidic and alkaline environments) and terrestrial 
environments in a variety of geographical locations to maximize genetic diversity. 
Collection sites can include public lands as well as various sites within national and 
state park systems. In all cases, questions of ownership of isolated strains should 
be considered. Additionally, within an aqueous habitat, algae are typically found in 
planktonic (free floating) and benthic (attached) environments. Planktonic algae may 
be used in suspended mass cultures, whereas benthic algae may find application in 
biofilm-based production facilities. Sampling strategies should not only account for 
spatial distribution, but also for the temporal succession brought about by seasonal 
variations of algae in their habitats (Mutanda et al., 2011). 

3.3 ISOLATION TECHNIQUES 

For the isolation of new strains from natural habitats, traditional cultivation tech- 
niques may be used, such as enrichment cultures (Andersen and Kawachi, 2005). 
A preferred preliminary step toward single-cell isolations would be enrichment 
cultures with growth media, soil and/or water extract, or supplementing with nutri- 
ents such as nitrate, ammonium, and phosphate or a trace metal. Alternatively, 
the proximate nutrient composition of the source samples may be analyzed and 
supplemented to the growth media. Algae survive under natural environments 
despite the fact that natural samples are often deficient in one or more nutrients. 
This may be due to the fact that bacterial action, grazing, and death of organ- 
isms recycle those nutrients. Sampling reduces the population of specific spe- 
cies that help recycle nutrients, and this nutrient stress leads to a decline of the 
target species. Enrichment can also be disadvantageous if the target species is 
unable to compete with the other autochthonous flora. Hence, selective culturing 
is a unique tool suited for enrichment culturing of lipid-producing microalgae. 
Once enriched, suspensions containing algae from samples may be centrifuged to 
increase the biomass concentration of desired cell density; then diluted in sterile 
water and passed through a 60-pm plankton net to remove zooplankton, and col- 
lected again using a 0.45 -pm glass filter. The cells on the filter should be rinsed 
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several times with sterile saline to remove bacteria and then inoculate to BG-11 
medium (Rippka et ah, 1979) for enrichment. However, some algal strains take 
weeks to months to be isolated by traditional methods (Anderson, 2005). For 
large-scale sampling and isolation efforts, high-throughput automated isolation 
techniques involving fluorescence-activated cell sorting (FACS) have proven 
extremely useful (Sieracki et al., 2005). Because of morphological similarities 
when comparing many algal species, actual strain identification should be based 
on molecular methods such as rRNA sequence comparison or, in the case of 
closely related strains, other gene markers. 

3.3.1 Media Configuration 

The distribution of algal species is facilitated by both the selective action of the 
chemo-physical environment and by the organism’s ability to colonize a particular 
habitat. Numerous culture media have been developed for the isolation and cultiva- 
tion of microalgae. Some of them are modifications formulated based on the nutri- 
ent requirements of the organism. For instance, better growth of marine algae can 
be achieved by adding small quantities of natural seawater (less than 1% to 4%) 
rather than supplementing with artificial seawater. Likewise, Schreiber solution, 
a mixture of nitrate and phosphate, was based on the minimum requirement of the 
two elements by a diatom culture. Soil extract is amended to Schreiber’s medium for 
cultivating green dasycladalean Acetabularia and some unicellular benthic marine 
algae. Earlier algal media were formulated, to include antibiotics, vitamins, trace 
metals, and organic chelators such as citrate, which was later replaced with EDTA. 
Likewise, Chu’s medium No. 10 was composed based on proximate analyses of natu- 
ral samples such as eutrophic lakes. Antibiotics are generally added to the growth 
medium to inhibit contaminating protists. Germanium dioxide is suggested to inhibit 
the growth of diatoms. Antibiotics are also helpful as extensive cleansing agents. 
McDaniel et al. (1962) were able to purify algal cultures free of bacterial contami- 
nation using a procedure involving treatment with a detergent and carbolic acid. 
Various media configured for isolation and cultivation of algae are given in Table 3.4. 

3.3.2 Traditional Methods 

Using a micropipette or Pasteur pipette, or a glass capillary having a straight, bent, 
or curved tip is handy for single-cell isolation. Micropipettes enable fishing out a 
single cell from the sample after a series of transfers into sterile rinsing droplets, 
without the cell being damaged in the process. Finally, the single cell can be pipetted 
and transferred to the culture medium after microscopic examination. Lewin (1959) 
recommended placing the droplets on agar to reduce evaporation, but this depends 
on the size of the cells. Technical skill and expertise are important in order not to 
shear or damage the cell. The damage may be apparent as cessation of swimming 
in flagellates or a difference in light refraction due to broken frustules as in diatoms, 
and severe damage is evident by leakage of protoplasm. The traditional method of 
micropipette isolation can be successfully attempted with the use of ultra-pure sterile 
droplets for rinsing, as marine samples hold suspended particles. 
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TABLE 3.4 

Common Media Used for Microalgal Strains from 
Diverse Aquatic Environments 

Media Freshwater Marine Brackish Suitable for Ref. 



AF6 + 

medium. 

Modified 



AK medium - 

ASM-1 

medium 

ASN-III 

medium 

ASP-M 

medium 

Beijerinck + 

Medium 

BG-11 + 

Bold’s Basal + 

medium 



C medium + 



C30 medium + 

Chu #10 + 

medium 



CHU- 11 + 

medium 
COMBO 
medium 



+ 



+ 



+ 



+ 



+ 



+ 



Euglenophyceae, 
volvocalean algae, 
xanthophytes, many 
cryptophytes, 
dinoflagellate and green 
ciliate; specific for algae 
requiring slightly acidic 
medium 

Broad- spectrum marine 
algae 

Marine microalgae 

Marine Cyanophyceae 



Watanabe et al., 
2000 



Barsanti and 
Gualtieri, 2006 
Heaney and 
Jaworski, 1977 
Rippka, 1988 



+ 



+ 



+ 



ND 


Marine macroalgae and 


Goldman and 




microalgae 


McCarthy, 

1978 




Freshwater Chlorophyceae 


Andersen et al., 
1997 


■ 


Freshwater soil, thermal, 
and marine Cyanophyceae 


Vonshak, 1986 




Broad- spectrum medium 
for freshwater 
Chlorophyceae, 
Xantophyceae, 
Chrysophyceae, and 
Cyanophyceae; unsuitable 
for algae with vitamin 
requirements 


Bold, 1949 


- 


Chlorococcalean algae, 


Andersen et al.. 




some volvocalean algae, 
some other desmids 


1997 


- 


Freshwater Chlorophyceae 


Andersen, 2005 




Variety of algae, including 
green algae, diatoms, 
cyanobacteria, and 
glaucophycean alga 


Chu, 1942 


ND 


Freshwater Cyanophyceae 


Nalewajiko 
et al., 1995 


+ 


Cyanobacteria, 


Kilharn et al.. 




cryptophytes, green algae, 
and diatoms 


1998 
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TABLE 3.4 ( Continued) 

Common Media Used for Microalgal Strains from 
Diverse Aquatic Environments 



Media 


Freshwater 


Marine 


Brackish 


Suitable for 


Ref. 


Cramer and 
Myers 
medium 
Diatom 
medium, 
modified 


+ 

+ 






Euglenophyceae 
Freshwater diatom 


Nichols, 1973 

Cohn et al.. 
2003 


DYV 

medium 


+ 


+ 


+ 


For many algae, especially 
chlorococcalean algae, 
filamentous green alga, 
xanthophycean alga, 
euglenoid and 
cyanobacteria 


Lehman. 1976 


DYV 

medium 


+ 






Wide range of heterokont 
algae, cryptophytes, and 
other algae that require 
slightly acidic to 
circum-neutral pH 
conditions 


Andersen et ah, 
1997 


DYIII 

medium 


+ 


- 


- 


Freshwater Chlorophyceae 
and cyanobacteria 


Lehman. 1976 


ESAW 

medium 


~ 


+ 


ND 


Enriched natural seawater 
medium 


Harrison et ah, 
1980 


ESAW 

medium 




+ 


+ 


Broad spectrum medium 
for coastal and open ocean 
algae 


Berges et ah, 
2001 


Fraquil 

medium 


+ 






For study of trace metal 
interactions with 
freshwater phytoplankton 


Morel et ah, 
1975 


Guillard’s 
F/ 2 medium 




+ 


+ 


Broad- spectrum medium 
for coastal algae; growing 
coastal marine algae, 
especially diatoms 


Guillard, 1975 


Guillard’s 

WC 

medium 


+ 






Cyanobacteria, 
cryptophytes, green algae, 
and diatoms 


GuiUard, 1975 


Johnson’s 

medium 


+ 


+ 


+ 


Broad- spectrum medium 


Johnson et ah, 
1968 


K medium 


- 


+ 


+ 


Broad-spectrum medium for 
oligotrophic marine algae 


Andersen, 2005 


LI medium 




+ 


+ 


For oligotrophic (oceanic) 
marine phytoplankters 


Guillard and 
Hargraves, 
1993 



(Continued) 
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TABLE 3.4 ( Continued) 

Common Media Used for Microalgal Strains from 
Diverse Aquatic Environments 



Media 


Freshwater 


Marine 


Brackish 


Suitable for 


Ref. 


MBL 


+ 


- 


- 


Freshwater algae 


Nichols, 1973 


medium 

Woods 

Hole 


Medium f 


- 


+ 


+ 


Broad-spectrum medium 
for marine algae 


Jeffrey and 
LeRoi, 1997 


Medium G 


+ 


+ 


ND 


Broad- spectrum medium 


Blackburn 
et al., 2001 


MNK 

medium 




+ 


ND 


General medium for marine 
algae, especially 
coccolithophores 


Noel et al., 
2004 


Sato 

medium. 


+ 


+ 


+ 


Freshwater Chlorophyceae 


Richmond, 

1983 


modified 


SN medium 


- 


+ 


- 


Marine cyanophyceae 


Waterbury 
et al., 1986 


Walne’s 

medium 




+ 


+ 


Broad- spectrum medium 
for marine algae 
(especially designed for 
mass culture) 


Walne, 1970 



Source: Adapted from Mutanda et al., 201 1 . 

Note: ND, not determined; +, can be used; cannot be used. 



Alternatively, many coccoid algae and most soil algae can be isolated on agar 
plates. It is the preferred isolation method because it is simple and requires no further 
processing. Streak or pour plating on suitable agar growth medium enables suc- 
cessful isolation, although few algae grow embedded in agar (Brahamsha, 1996). 
An improvised procedure is to make a fine or atomized spray of cells, usually a liquid 
cell suspension atomized with sterile air under pressure, which can then be used to 
inoculate or spread on agar plates. Similarly, a dilution method can be used, wherein 
a single cell is deposited in a test tube, flask, or well of a multiwell plate (Throndsen, 
1978). Selection of the appropriate maximum dilution for plating depends on the 
probable cell density in natural samples. The dilutions can be effected in several 
ways, such as dilution with sterile culture medium, distilled water, seawater, and 
filtered water from the sample site, or some combination of these. Also, where neces- 
sary, salts of ammonium, selenium, or another element can be added as supplements 
to specifically isolate selected species. 

When samples contain a wide variety of cells, centrifugation or settling can be 
foreseen. The target of concentrating the cells instead of obtaining an axenic culture 
can easily be achieved by gravity. Also, gravity comes in handy when the goal is to 
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separate the larger and heavier cells from smaller algae and bacteria. Specifically 
for large dinoflagellates and diatoms, moderate centrifugation for a short duration is 
enough to pelletize them, and smaller cells can be decanted. Density gradient cen- 
trifugation with silica sol, Percoll™, etc. has been successfully employed to separate 
mixed laboratory cultures so that individual species can be separated into a sharp 
band (Reardon et al., 1979). Large, nonmotile algal cells can be effectively separated 
by settling. Hence, gravimetric settling is the choice if one aims for concentrating 
larger cells; however, it is not effective to obtain unialgal culture and hence suggests 
some combination with other procedures. 

3.3.3 Advanced Methods 

Although single-celled, colonial, or filamentous algae growing on the agar surface 
can be isolated by streak plate or spraying, any flagellates as well as other types of 
algae require the use of advanced techniques. A unialgal culture would contain only 
one kind of alga, usually a clonal population, but may contain other life forms such 
as bacteria, fungi, or protozoa. Alternatively, cultures may be axenic, in that they 
contain only one species of alga. Unialgal cultures are best isolated by targeting the 
isolation of the zoospores immediately after release from parent cell walls as those 
cells that begin attaching to surfaces are likely to add contaminants. The algal isola- 
tion techniques involving cell separation pose limitations with highly heterogeneous 
samples or when the cells are suspended in a solution of different chemicals, biomol- 
ecules, and cells. This can be overcome by employing a micromanipulator, which 
successfully permits the separation of a single cell from a liquid culture. The single 
cell can be easily separated from an enriched environmental sample and grown in 
liquid medium as monoculture or in agar plates, thus facilitating a significant time 
saving over the conventional plating technique. The micromanipulator is the ideal 
tool for algal screening and isolation, provided the person handling it has acquired 
skill in handling the equipment (Kacka and Donmez, 2008; Moreno-Garrido, 2008). 
Using micromanipulation techniques requires expertise and skill. It requires the 
handling of an inverted microscope or stereo zoom microscope with a magnification 
up to 200x. Phase contrast or dark-field microscopy offers advantages. Capillary 
tubes or hematocrit tubes of approximately 1 mm diameter x 100 mm long are used 
for picking individual cells (Godhe et al., 2002; Knuckey et al., 2002). 

High-throughput cell sorting is possible when coupled with flow cytometry, which 
facilitates the rapid and efficient screening of microalgal strains. Microalgae possess 
different photosynthetic pigments, emitting various auto-fluorescence, which can be 
applied in flow cytometry to identify algae (Davey and Kell, 1996). Literature on 
the isolation of microalgae from natural waters employing flow cytometric cell sort- 
ing is available (Reckermann, 2000; Crosbie et al., 2003). Chlorophyll is used as a 
fluorescent probe to distinguish different strains of microalgae. Reckermann (2000) 
and Sensen et al. (1993) used the chlorophyll auto-fluorescence (CAF) properties of 
eukaryotic phytoplankton, diatoms, and pico-autotrophic cells for isolation of axenic 
cultures, whereas Crosbie et al. (2003) used both red and orange auto-fluorescence 
to differentiate species of algae. Similarly, green auto-fluorescence (GAF), which 
is common in both autotrophic and heterotrophic dinoflagellates, is also a valuable 
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taxonomic consideration (Tang and Dobbs, 2007). Hence, flow cytometry, coupled 
with cell sorting, can signify a vital tool for screening and exploiting microalgal 
strains for specific drives, including biodiesel feedstock development. As compared 
to fluorescence microscopy, flow cytometry helps the investigator perform rapid and 
quantitative experimentation. Fluorescence-activated cell sorting (FACS) permits 
cells with a specific characteristic — or indeed a combination of characteristics — to 
be separated from the sample. Sinigalliano et al. (2009) compared electronic cell 
sorting and conventional methods of micropipette cell isolation with dinoflagellates 
and other marine eukaryotic phytoplankton. Fragile dinoflagellates such as Karenia 
brevis (Dinophyceae) were distressed upon conventional micropipette procedures 
while cells were viable on electronic sorting. However, electronic single-cell sorting 
combined with automated techniques for growth screening has the possibility of 
screening novel algal strains (Sinigalliano et al., 2009). The benefits and shortcom- 
ings of the microalgal isolation and purification protocols described in this section 
are summarized in Table 3.5. 

In addition, several immunological and nonimmunological methods to isolate 
desired unicellular algal cells exist. The immunologic reaction of a specific inte- 
grated protein on the membrane decides the protocol for cell separation. Large-scale 
commercialized cell separation involves techniques such as FACS (Takahashi et al., 
2004), magnetic-activated cell sorting (Han and Frazier, 2005), and affinity-based 
cell sorting (Chang et al., 2005), all of which are highly specific and selective. 
But the limitation is that the immunologically isolated cells may undergo trauma 
and the inclusive separation system involves high cost. Further, immunoreactions 
and follow-up elution with capturing antibodies are quite complicated processes. 
Alternatively, nonimmunological techniques such as dielectrophoresis (Doh and 
Cho, 2005), hydrodynamic separation (Shevkoplyas et al., 2005), aqueous two-phase 
system (Yamada et al., 2002), and ultrasound separation (Petersson et al., 2004) have 
also been employed. These methods work based on the interactive physico-chemical 
property of a cell with that of the surrounding media, and lack specificity. 

3.4 SCREENING CRITERIA AND METHODS 

An ideal screen would consider growth physiology, including cell size and numbers, 
and metabolite production of algal strains. The algal growth physiology for biofuel 
encompasses a number of parameters, such as maximum cell density, maximum spe- 
cific growth rate, and tolerance to environmental variables such as temperature, pH, 
salinity, oxygen levels, CO, levels, and nutrient requirements (Chisti, 2007; Brennan 
and Owende, 2010). Because all these parameters require significant experimental 
effort, the development of automated systems that provide information regarding all 
parameters simultaneously would be helpful. Screening for metabolite production 
may involve determining the cellular composition of proteins, lipids, and carbohy- 
drates, and measuring the productivity of the organism regarding metabolites useful 
for biofuel generation. The exact screenings employed would depend on the cultiva- 
tion approaches and fuel precursor desired. For example, a helpful screening for 
oil production would allow for distinguishing between neutral and polar lipids, and 
would provide fatty acid profiles. Furthermore, many strains also secrete metabolites 



Strain Selection for Biodiesel Production 



29 



Disadvantages of Microalgal Purification Techniques 



TABLE 3.5 
Advantages and 

Purification 

Technique 

Pringsheim’s 

micropipette 

method 



Agar plating (or 
spraying) 

Serial dilution 



Differential 

centrifugation 

Filtration 



Use of antibiotics 



Advantages 

• Single cells can be 
successively 
transferred and 
purified 



• Relatively easy 



• Relatively easy 



• Less damaging to 
sensitive cells 

• Less damaging to 
sensitive cells and 
usually gives 
better separation 
of algae from 
bacteria than 
differential 
centrifugation 

• Relatively easy 

• Low cost 



Disadvantages 

• Laborious and 
time-consuming 
method requiring 
considerable manual 
skills 

• The method often 
fails with small 
nonflagellate cells, 
which are more 
difficult to recognize 
during serial 
transfers 

• Some delicate 
flagellates are easily 
damaged during 
successive 
micropipette 
transfers 

• Cannot be used with 
most flagellate taxa 
that fail to grow on 
solid substrates 

• Unsuccessful when 
the numerical ratio 
between algae and 
bacteria is 
unfavorable 

• Costly method 

• It is problematical 
with small algal cells 
and with cells 
secreting mucilage 
because of bacteria 
embedded in the 
mucilage that may 
also clog filters 

• Damage the alga as 
well as leads to 
increased resistance 
levels in 
contaminating 
bacteria 



Ref. 

Guillard, 1973; 
Melkonian, 1990 



Hoshaw and 
Rosowski, 1973 



Brahamsha, 1996 



Wiedeman et al., 
1964 

Melkonian, 1990 



McDaniel et al., 1962 



( Continued ) 
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TABLE 3.5 ( Continued) 

Advantages and Disadvantages of Microalgal Purification Techniques 

Purification 



Technique 


Advantages 


Disadvantages 


Ref. 


Flow cytometry 


• Precise and rapid 


• Requires 


Sensen et al., 1993 




method 


considerable costs 






• Simultaneous 


for equipment and its 






measurements of 


operation 






individual particle 


• Requires multi-user 






volume. 


or central facilities 






fluorescence and 


• Axenic cultures are 






light scatter 


difficult to obtain 






properties 


from algae to which 






• Highly suitable for 


bacteria are 






separating bacteria 
from algae to 
establish axenic 
algal cultures 


physically attached 






• Can be used 








directly in natural 
samples 








• Useful for small 








and delicate taxa 






Ultrasonication 


• Useful for 


• Not a stand-alone 


Steup and Melkonian, 




separating attached 


method 


1981 




bacteria from algal 


• Should be coupled 






cell walls or 


subsequent to cell 






mucilage 


sorting 




Immunological 


• High specificity 


• High cost 


Han and Frazier, 


methods 


• Highly selective 


• May cause cell 


2005; Takahashi 






damage 


et al., 2004 



Source: Adapted from Mutanda et al. (201 1). 



into the growth medium. Some of these could prove valuable as co-products, and 
new approaches are needed to develop screening methods for extracellular mate- 
rials. For mass culture of a given algal strain, it is also important to consider the 
strain’s robustness, which includes parameters such as culture consistency, resil- 
ience, community stability, and susceptibility to predators present in a given envi- 
ronment. Previous studies revealed that algal strains tested in the laboratory do not 
always perform similarly in outdoor mass cultures (Sheehan et al., 1998). Therefore, 
to determine a strain’s robustness, small-scale simulations of mass culture conditions 
must be performed. 

At this time, the bottleneck in screening large numbers of algae stems from a 
lack of high-throughput methodologies that would allow simultaneous screening 
of multiple phenotypes, such as growth rate and metabolite productivity. Solvent 
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extraction, for example, is the most common method for the determination of lipid 
content in algae, but it requires a significant quantity of biomass (Bligh and Dyer, 
1959; Ahlgren and Merino, 1991). Fluorescent methods using lipid-soluble dyes have 
also been described, and although these methods require much less biomass (as little 
as a single cell), it has not yet been established if these methods are valid across 
a wide range of algal strains (De la Jara et al., 2003; Elsey et ah, 2007). Further 
improvements in analytical methodology could be made through the development 
of solid-state screening methods. Not only are rapid screening procedures necessary 
for the biofuels field, but they also could prove extremely useful for the identifica- 
tion of species, particularly in mixed field samples necessary for the future of algal 
ecology. They could also reduce the number of redundant screens of algal species. 

3.5 SCREENING AND SELECTION FOR LIPID PRODUCTION 

Conventional methods of solvent extraction and gravimetric determination for lipid 
quantification (Bligh and Dyer, 1959) are laborious and time consuming. Moreover, 
approximately 10 to 15 mg wet weight of cells (Akoto et al., 2005) must be cultured 
for any appreciable extraction and derivatization. However, in-situ lipid content mea- 
surements would significantly reduce the quantity of sample as well the preparation 
time required. Accordingly, there is greater interest in a rapid in-situ measurement 
of the lipid content of algal cells (Cooksey et al., 1987). Nile Red (9-diethylamino- 
5H-benzo[a]phenoxazine-5-one), a lipid-soluble fluorescent dye, has been com- 
monly used to evaluate the lipid content of animal cells and microorganisms such 
as yeasts and fungi (Genicot et al., 2005) and specifically extended to microalgae 
(Cooksey et al., 1987; Elsey et al., 2007). Nile Red is relatively photostable and pro- 
duces intense fluorescence in organic solvents and hydrophobic environments, which 
makes them a better candidate for in-situ screening for lipids. Furthermore, neutral 
and polar lipids can be clearly differentiated due to polarity changes in the medium 
as evinced by a blue shift in the emission maximum of Nile Red (Greenspan and 
Fowler, 1985; Laughton, 1986; Cooksey et al., 1987; Lee et al., 1998). The solvent 
system used for Nile Red would determine the emission spectra of the dye (Elsey 
et al., 2007). However, the thick cell walls of microalgae inhibit the permeation of 
Nile Red, and this is variable among algal species, requiring the use of high levels of 
solvents such as DMSO (20% to 30% v/v) and elevated temperatures (40°C) (Chen 
et al., 2009). Then again, Chen et al. (2011) developed a two-step microwave-assisted 
staining method for in vivo quantification of neutral lipids in green algae with thick, 
rigid cell walls that prevents penetration of the Nile Red dye into the cell. This may 
also be appropriate for other classes of algae that do not stain properly with Nile Red. 
Hence, a Nile Red assay can be used as a tool for screening oleaginous algal strains 
as well as quantitatively determining the neutral lipids in algal cells (Figure 3.2; see 
color insert). 

Recently, another class of lipophilic fluorescent dye BODIPY® 505/515 
(4,4-difluoro-l,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene) has been used to 
potentially stain microalgal lipids. BODIPY staining lets the lipid droplets stain green 
and the chloroplasts stain red in live algal cells (Cooper et al., 2010). BODIPY 505/515 
is advantageous over Nile Red in emitting a narrower spectrum (Cooper et al., 2010; 
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FIGURE 3.2 (See color insert.) Nile Red stained Chlorella sp.: (a) unidentified chlorophyta, 
(b) and Navicula sp., (c) viewed at lOOOx using a Zeiss Axioskop epifluorescence microscope 
at 490-nm excitation and 585-nm emission filter. Neutral lipid globules in the cytosol are 
stained yellow. (Unpublished data.) 

Govender et al., 2012). This facilitates the fluorescence distinction of lipid bodies, 
resulting in better resolution and thus is important for seamless confocal imaging 
(Cooper et al., 1999). Furthermore, unlike Nile Red, BODIPY 505/515 does not fix 
to cytoplasmic constituents other than lipid bodies and chloroplasts. This discerning 
property of BODIPY 505/515 to bind to lipid bodies alone offers rapid screening 
and isolation of hyper-lipid producing algal strains. Bigelow et al. (2011) developed 
a rapid, single-step, laboratory-scale in-situ protocol for GC-MS (gas chromatogra- 
phy with mass spectroscopy) lipid analysis that requires only 250 |lg dry mass per 
sample. When coupled with fluorescent techniques using Nile Red or BODIPY dyes 
and flow cytometry for cell sorting, the aforesaid GC-MS analysis allows throughput 
screening of lipid-producing algal strains from varied environments. Upon isolation, 
purification, and identification of a hyper-lipid producing algal strain, the researcher 
would be interested in the physiological traits such as the photosynthetic efficiency, 
carbon fixation rate, growth rate, etc. Alternatively, infrared analysis, which does not 
depend on stain application but rather detects specific molecular absorption bands to 
give approximate concentrations, can be used for the detection of many metabolites, 
including lipids. This method has recently been applied to detecting changes in algal 
cell composition during nitrogen starvation (Dean et al., 2010). 

Spectroscopic methods such as near-infrared (NIR) and Fourier transform infra- 
red (FTIR) spectroscopies have been established to predict the levels of spiked polar 
and neutral lipids in algal cells based on multivariate calibration models (Laurens 
and Wolfrum, 2011). The above infrared spectroscopic techniques are rapid, high- 
throughput, and non-destructive means of algal screening for lipids. Hence, this cal- 
ibration model serves as a short-time, high-throughput method of quantifying cell 
lipids compared to time-consuming traditional wet chemical methods. The NIR and 
FTIR spectra of biomass of various species accurately predicted the levels of lipids. 
This fast, high-throughput spectroscopic lipid fingerprinting method is pragmatic in 
real-time monitoring of lipid accumulation or a multitude of screening efforts that are 
ongoing in the microalgal research community. Coherent anti-Stokes Raman scatter- 
ing microscopy is also an associated technique that creates an image of whole cells 
based on the vibrational spectra of a specific cellular constituent. Huang et al. (2010) 
demonstrated that Stokes Raman spectroscopy could accomplish detection and identi- 
fication of cellular storage lipids, specifically triglycerides. Further, similar to infrared 
spectroscopic techniques, Raman scattering microscopy is also prospective as a rapid, 
noninvasive compositional analysis method that enables imminent in-line or at-line 
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lipid monitoring. Recently, a single-cell, laser-trapping Raman spectroscopic method 
that is direct and in vivo has been described as an efficient tool for profiling microbial 
cellular lipids (Wu et al., 2011). This method is proven in the quantitative estimation of 
the degree of unsaturation and transition temperatures of algal cellular lipids. 



3.6 PRESERVATION 

3.6.1 Transfer Techniques 

The accomplishment of bioprospecting rests with the successful long-term mainte- 
nance of the algal strains. The most common method used to preserve microalgal 
cultures is perpetual maintenance under a controlled environment. Periodic serial 
sub-culturing of the mother culture onto agar slants is done to maintain the strains 
(Day, 1999; Warren et al., 2002; Richmond, 2004). This provides metabolically 
active cultures that retain a vigorous, morphologically, physiologically, and geneti- 
cally representative population. A crucial factor to consider is that different dura- 
tions of sub-cultures may provide different stages of the life cycle. Proper labeling 
and careful checking are required before starting a serial transfer. Manipulations 
and transfer should be carried out under aseptic conditions. Rigorous microbiologi- 
cal methods, following standard guidelines for aseptic techniques and maintenance 
procedures, are crucial (Isaac and Jennings, 1995). The revival of preserved cultures 
can be successfully accomplished with 1% to 10% (v/v) of the original culture, but 
some dinoflagellates, Synechococcus and Prochlorococcus, may require a higher 
inocula level of up to 25% (v/v). Another issue with agar cultures is that some benthic 
diatom colonies may stick rather firmly to the agar surface or that some filamentous 
cyanobacteria may even grow into the agar. These can be transferred by removal of 
agar along with algal material. If older agar cultures are to be revived, the slant may 
be over-layered with fresh liquid medium for several hours prior to transfer. Another 
issue that needs bearing in mind is that not all species form appreciable colonies 
on agar, specifically many flagellates and other planktonic species; likewise, few 
edaphic and aquatic benthic microalgae grow well in liquid medium. Regardless 
of that, slant cultures are preferred because of easy and minimal handling during 
transfer and hence a lower risk of contamination. Mixing the algal liquid culture is 
customary during transfer to fresh medium or plates. However, uncontrolled mix- 
ing bears the risk of damage to delicate coccoid green algae, cyanobacteria, and 
some fragile diatoms such as Thalassiosira and Rhizosolenia. But mixing may be 
mandatory in some instances or, as in case of Polytoma, where resting cells settle 
to the bottom, the cell transfer should effect from the bottom of the culture vessel 
(Anderson, 2005). In contrast, certain colonial flagellate and coccoid green algae 
( Eudorina , Pediastrum) need agitation and aeration to obtain typical morphology. 

3.6.2 Maintenance Conditions 

The maintenance of metabolically active algae is essential because of the conserva- 
tion of stock cultures, attainment of explicit morphological and physiological sta- 
tus, or mass production. As described earlier, conservation of stock cultures is by 
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routine, serial sub-culture and storage, preferably under suboptimal temperature and 
light regimes that may be similar for most algae. In addition, the nature of the media 
also plays a role in the frequency of transfer interval. But, for the achievement of 
desirable physiological cultures or for mass cultures, optimal growth conditions are 
vital, and this varies greatly with strains. In fact, algae poorly adapted to a specific 
medium may alter morphological features, as in the case of Chlamydomonas, where 
loss of functional flagella and some cyanobacteria may lose cell surface features. 
Another concern needing emphasis, specifically in continuous culture systems, is 
that culture conditions such as pH, nutrient content, oxygen level, etc. tend to change 
over time, despite the fact that the external environment remains unchanged and the 
limiting substrate concentration is at the required concentration. Some microalgae 
having an absolute requirement for vitamin B12 at very low concentrations can be 
grown without supplementing vitamin B12 in the culture medium for a number of 
generations. Complementing medium with vitamins B1 or B12 helps in stimulating 
the growth of certain algae. Another intrinsic phenomenon of some diatoms is that 
the cell size eventually becomes too small during continuous vegetative propagation 
to remain viable. A better alternative is to allow sexual reproduction of the culture 
to regenerate large, new vigorous cells. To propagate indefinitely, some Dasycladales 
are subjected to undergo periodic sexual reproduction. 

One should appraise whether a particular alga strain would be best maintained 
for long periods in liquid medium or in agar slants. This is influenced by many envi- 
ronmental factors, including the habitat of the strain. A soil-water biphasic medium 
favors the growth of filamentous green algae and euglenoids. In fact, the addition 
of a soil phase directs the coccoid green algae to retain morphology, and a medium 
without soil extract promotes the accumulation of starch granules or lipid droplets. 
Hence, a choice of suitable culture medium specific to the strain is crucial. Second, 
light intensity must also be considered. For long-term culturing and maintenance 
of most microalgae, coupling subdued temperature with light intensities between 
10 and 30 mmol photons rrr 2 s -1 is vital. Excessive light can cause photo-oxidative 
stress in some algae. That is one of the reasons that some marine algae of tropical 
open-ocean are killed by continuous light (Graham and Wilcox, 2000). Furthermore, 
low light intensities are usually preferred by algae with phycobilisomes, while most 
dinoflagellates often need higher light intensities (60 to 100 mmol photons m _2 s _1 ). 
This directs most culture collections to vary the lightidark regimens between 12:12 
and 16:8 hours light:dark. However, preserving algae from extreme environments 
needs specific insight, as suggested by Elster et al. (2001). Third, the temperature of 
storage is vital. Variations in temperature can more easily influence marine strains 
than freshwater strains. In general, microalgal cultures are successfully conserved at 
temperatures between 15°C and 20°C. Indeed, some larger service repositories such 
as the Culture Collection of Algae at the University of Texas (UTEX) preserve algal 
strains at 20°C. Prolonged maintenance at 20°C leads to cellular damage resulting 
from photo-inhibition. And, alternatively, increased light intensities coupled with 
incubation temperatures higher than 20°C can be employed. However, temperatures 
above 20°C are mostly incorrect for conserving stocks at comprehensive transfer 
cycles. One should note that the evaporation of the medium effectively regulates the 
interval of their transfer cycles. Fourth, the frequency of transfer cycles is considered 
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a key factor. For routine maintenance, sub-culturing is done toward the end of the 
exponential growth phase of the culture. The shortest transfer cycle is about 1 to 
2 weeks for sensitive strains, while some green algae and cyanobacteria, on agar 
slants at low light and 10°C, is sub-cultured only once every 6 months. However, 
a safe transfer interval for a specific strain can be predictable to one quarter the 
time a strain can survive maximally. Usually, a post-transfer period at higher light 
and temperature regime is valuable in regular quality control assessment. Moreover, 
perpetual maintenance over longer periods may alter the morphological features and 
physiological characteristics of some strains, and hence a short interval of mainte- 
nance at optimal growth conditions is recommended to refresh the culture. In case 
of an unknown or a newly isolated strain, the cultural characteristics should be fully 
understood prior to maintenance, or the long-term maintenance procedure should 
be framed by optimization of survival at varied light and temperature conditions 
(Lokhorst, 2003). It is often sensible to screen and configure a suitable medium for 
the new isolate. Finally, the culture maintenance chamber or room should be con- 
trolled for humidity — for not only preventing evaporation of cultures, but also to 
avoid the contaminating fungi and molds. 

In spite of these, the selective and synthetic nature of the media as well the incu- 
bation conditions, as opposed to the native ecological conditions, limit the success of 
perpetual transfer. Furthermore, continuous transfers lead to the loss of morphologi- 
cal and/or genetic characteristics (Warren et al., 2002). Not to mention that serial 
sub-culturing is a labor-intensive and time-consuming process, which restricts main- 
tenance and handling of a large number of cultures. Above all, to overcome the risk 
of loss of strains, each strain may be maintained in secondary culture collections 
with sub-cultures of different ages or transfer dates. The World Federation of Culture 
Collections has suggested to stock backup cultures at various locations to expedite 
all possible chances of revival (Anon, 1999). 

3.6.3 Cryopreservation 

Perpetual transfer leading to long-term culturing, usually under conditions very dif- 
ferent from its natural environment, leads to genetic variants among the popula- 
tion adapted to the artificial culturing environment. To sidestep the shortcomings 
of serial sub-culturing, alternate methods of ex-situ conservation of algal strains 
are suggested. Continuous maintenance of actively growing algal strains on a long- 
term basis is often costly, and time and labor consuming. In contrast, cultures can 
be maintained alive in a retarded metabolic state that requires less attention. One 
approach is to maintain resting spores or other dormant stages of some algal species 
(such as akinetes) at ambient temperatures for many years without any attention. 
Leeson et al. (1984) were able to recover aplanospores of Haematococcus pluvialis 
Flotow from air-dried soil even after 27 years. However, it should be considered that 
the viability of resting stages generally declines with time, and many aquatic algae 
do not show any insistent dormant stage. Hence, the addition of bacteriostatic chemi- 
cals and agents that prevent autolysis of algal cells to help improve the cell viability 
during the entire storage time is generally recommended. Some of the major preser- 
vatives in use today are formalin, 1% Lugol solution, and 3% glutaraldehyde (Wetzel 
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and Likens, 2000). The concentration can be altered based on the type and nature of 
the algae and maintenance conditions. For instance, a 3% glutaraldehyde concentra- 
tion is too high, causing withering or complete disintegration of cells beyond the 
ability for retention of normal cell shape, specifically of wall-less flagellates. 

To overcome the shortcomings and inclusion of chemicals in maintenance 
medium, lyophilization has been accepted widely as a means of conserving viable 
cultures of all microorganisms in a desiccated state. However, lyophilization involves 
vacuum desiccation under freezing and subsequent thawing, so cell revival mandates 
inclusion of cryoprotective agents at high concentrations to offer protection from dam- 
age. The cryoprotectants extensively used for algae are methanol, dimethylsulfoxide 
(DMSO), and glycerol (Taylor and Fletcher, 1998). Methanol and DMSO are preferred 
for freshwater and terrestrial microalgal cryopreservation, while glycerol and DMSO 
are useful for marine phytoplanktons (Day et al., 2000). The above are penetrating cryo- 
protectants and passively move through the plasma membrane to equilibrate between 
the cell interior and the extracellular solution. Penetrating cryoprotectants are toxic at 
high concentrations (Adam et al., 1995; Santarius, 1996). Hence, permeating cryopro- 
tectants should be added prior to cryopreservation and should immediately be removed 
after thawing. Algal spore preservation is heavily dependent on bacterial contamination. 
Hence, preservation of spores of the green seaweeds Ulva fasciata and U. pertusa was 
improved by the addition of ampicillin in f/2 medium at 4°C (Bhattarai et al., 2007). 

Cryopreservation is most suited for algae that do not require that the normal rest- 
ing stage be maintained indefinitely. Because microalgae are cryopreserved as large 
populations of algal units, the percentage of viability of identical cultures is of great 
concern and often varies. However, with proper physiological conditioning prior to 
freezing, the variability can be minimized. This is one of the key reasons that, to 
date, most dinoflagellates, cryptophytes, synurophytes, and raphidophytes are not 
successfully cryopreserved. In contrast, most marine diatoms can be effectively 
cryopreserved, with high viability, although freshwater diatoms fail to revive and 
have thus proven more problematic. Examinations of large numbers of strains have 
taken place at the four major protistan collections: Culture Collection of Algae and 
Protozoa (CCAP) (United Kingdom), The Provasoli-Guillard National Center for 
Culture of Marine Phytoplankton (CCMP) (United States), Sammlung von Algenku 
Huren Gottingen (SAG) (Germany), and The Culture Collection of Algae at UTEX 
(United States); examination reveals that chlorarachniophytes, eustigmatophytes, 
pelagophytes, phaeothamniophytes, and ulvophytes also have very high success 
rates, comparable with the other green algae and cyanobacteria. Algal strains that 
have been reestablished at NREL are being cryopreserved in an effort to reduce the 
workload associated with maintaining an algae collection and to prevent unintended 
loss or genetic drift, a risk associated with frequent transfer. The cryofreezer uses 
liquid nitrogen, and cultures are stored at -195°C in the vapor phase. Nevertheless, it 
has been distinguished that virtually all large cell sized algae, and most filamentous 
forms, cannot as yet be cryopreserved. Attempts to determine the fundamental rea- 
sons for this failure of cryopreservation on large and complex algae are not satisfy- 
ing. This warrants auxiliary research on the basic mechanisms of freezing damage. 
Furthermore, the pragmatic development of improved techniques will expand the 
number and diversity of algal taxa that can be successfully cryopreserved. 
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3.7 ROLE OF REPOSITORIES 

Repositories are indispensable in preserving the diversity of natural habitats, pro- 
tecting genetic material, and providing basic resources for research. At present, only 
a few major algal collection centers exist in the United States and other countries. 
They currently maintain thousands of different algal strains and support the research 
and industrial community with their expertise in algae biology. The function of a 
culture collection often transcends simple depository functions. They may also sup- 
port research on determining strain characteristics, cryopreservation, and phylogeny, 
either by themselves or in connection with outside collaborators. Currently, no cen- 
tral database exists that provides global information on the characteristics of cur- 
rently available algal strains. Protection of intellectual property in private industry 
has further exacerbated the flow of relevant strain data. Some minimal growth infor- 
mation is available from existing culture collections, but it is very difficult to obtain 
more detailed information on growth, metabolites, and the robustness of particular 
existing strains. The establishment of a central strain, open-access repository could 
accelerate research on algae-based biofuel production systems. 

Above all, it is certain that many algal strains in established collections have been 
cultivated for several decades, and some may have lost their original properties, such 
as mating capability or versatility regarding nutrient requirements. To obtain ver- 
satile and robust strains that can be used for mass culture in biofuel applications, it 
would be prudent to consider the isolation of new native strains directly from unique 
environments. For both direct breeding and metabolic engineering approaches to 
improve biofuels production, it will be important to isolate a wide variety of algae 
for assembly into a culture collection that will serve as a bioresource for further algal 
biofuel research. 



3.8 CONCLUDING REMARKS 

The detection of new and rare species is made easier due to the accessibility of 
classifications based on genotypic and phenotypic data. This will be valuable in 
the challenges facing systematic classification and the need for establishing well- 
defined taxa, a stable nomenclature, and enhanced identification procedures. Large- 
scale screening for bioactive compounds of industrial application necessitates rapid 
and unequivocal characterization of enormous numbers of algal isolates. Because 
these biocatalytic compounds hold persistent value as an input for the biotechnology 
industry, the conservation of microbial gene pools is critical. Ex-situ collections are 
and will continue to be an essential cradle for warranting that a source of living cells 
is available for research and manufacturing purposes. It is well documented that 
exploring the same or similar environments fails to reveal the same organisms again 
or even, if found, they would not exhibit the desired characteristics exhibited by the 
earlier strains. Nevertheless, maintenance of representatives of all identified species 
of algae and cell lines in ex-situ collections is unrealistic. Hence, it is suggested 
that future researchers and repositories should ensure the provision of the DNA 
rather than the organisms themselves. We are still largely in the hunter-and-gatherer 
stage of exploiting algae for food, bioactive compounds, and energy. Hence, further 
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challenges in bioprospecting may includee the protection of intellectual property 
rights of original owners, a policy for strain distribution, and sharing and material 
transfer agreements. 
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4.1 INTRODUCTION 

The estimation of a microalgal population size is no easy task due to the micro- 
scopic size of the cells. Consequently, it is impossible to physically count them 
with the naked eye. The size of microalgae falls within the size of other microbes 
(e.g., bacteria) and, as a result, most of the methods used for microbial cell counting 
are also applicable to microalgae. In general, conventional microbiological proto- 
cols are available and are sufficient for cell enumeration despite the proliferation 
of modern and advanced techniques. It is recommended that the researcher choose 
a method after assessing the costs involved because some of the latest methods 
require very sophisticated and expensive equipment. 

According to Caron et al. (2003), “the identification and enumeration of micro- 
organismal species in natural aquatic assemblages is an essential prerequisite for 
ecological studies of these populations.” Effective ecological studies of populations 
of colonial freshwater phytoplankton species are hampered by a lack of methods for 
cell enumeration (Box, 1981). Closely related microalgal groups must be accurately 
distinguished, and this is very crucial when these species pose health and environ- 
mental risks (Caron et al., 2003). 
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Microalgal cell population size is important when studying growth kinetics. It is 
also important to know the amounts of biochemical constituents such as pigments 
(e.g., chlorophyll-a). Microalgal cells can be enumerated directly using techniques 
such as light absorption and/or indirectly via surrogate determination of dry or 
wet biomass and/or measurement of cell components such as organic nitrogen, 
phosphorus, etc. (Guillard and Sieracki, 2005). 

However, despite their common usage, direct methods and gravimetric measure- 
ments of microalgal cell dry weights are tedious, time consuming, and prone to 
errors that may exceed ±10% (Elnabarawy and Welter, 1984). Techniques for the 
estimation of the abundance of microalgal cells in natural microalgal samples are 
improving at a fast pace with the advent of electronic counting methods. Despite the 
progress made in the development of these advanced and sophisticated techniques, 
they still have major drawbacks, such as cost and the requirement of highly skilled 
personnel to operate the equipment. This chapter describes some of the popular 
methods that are available for the enumeration of microalgal cultures. The methods 
that are widely used are spectrophotometry, dry weight determinations, light micros- 
copy, haemacytometry, and flow cytometry. 

4.2 SAMPLING AND CULTURING MICROALGAE 

It is immensely difficult to sample and accurately count microalgal cells that grow 
attached to the substratum or culture vessel. The cells are scraped from the sur- 
face using a spatula to dislodge them into a suspension. The cells are then care- 
fully homogenized so as to separate the cell clumps, and this can result in the death 
of some cells. The cells that are clumped are indistinguishable from single cells, 
and therefore cell enumeration may be inaccurate (Guillard and Sieracki, 2005). 
Colonies of Microcystis aeruginosa were separated to a homogenous cell suspension 
by alkaline hydrolysis with 0.01 M KOH at 80°C for about 30 minutes, but higher 
molarities of KOH resulted in cell loss (Box, 1981). In addition, complete separation 
of colonies to single cells was achieved by heating at 80°C for 30 minutes followed 
by 30 seconds of vortex-mixing (Box, 1981). Furthermore, in these studies, sonica- 
tion (20 KHz, c. 50W) did not completely reduce the colonies to single cells, and this 
procedure resulted in cell death on some occasions (Box, 1981). 

It has been reported that the efficiency of the method for separating the colonies 
into a single-cell suspension relies on the microalgal cells used (Box, 1981). The 
accuracy of enumerating microalgal cells displaying colonial growth is hindered if 
there is no uniformity in the number of cells per colony. In addition, the cells cannot 
be sufficiently distinguished from each other, thus compromising accuracy. The enu- 
meration of dividing microalgal cells is subject to inherent inaccuracies. 

4.3 MICROALGAL PRESERVATION 

Microalgal cells must be preserved after sampling, most preferably in Lugol’s iodine 
solution before counting, to arrest the movement of some live cells around the 
counting chambers, for example, flagellates and diatoms, and therefore hampering 
accurate enumeration. Other methods of preservation, such as the use of aldehydes. 
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saline ethanol, and freezing, can also be adopted for a wide range of phytoplankton. 
Microalgal preservation is recommended so as to prevent cell disintegration and to 
avoid any changes in cell population size due to zooplankton grazing (Hotzel and 
Croome, 1999). 

4.4 ENUMERATION METHODS 

There are several methods available for the enumeration of microalgal cells. 
However, due to the small size of the microalgal cells, most methods are not very 
accurate. In addition, some of the methods described here require sophisticated and 
expensive equipment, which is beyond the reach of some research laboratories. The 
choice of counting device depends on culture density, the size and shape of the cells 
or colonies being counted, and the presence and amount of extracellular threads, 
sheaths, or dissolved mucilage, which can influence the filling of the counting cham- 
ber (Guillard and Sieracki, 2005). Moreover, the method to be adopted for a par- 
ticular sample will therefore depend on other factors such as detection range, costs, 
sample throughput, health and safety considerations, inter alia. 

4.4.1 Spectrophotometric Analysis 

The use of a spectrophotometer for indirectly measuring microalgal cell density 
is done in conjunction with other methods, for example, gravimetric and counting 
chambers for the calibration curve (see below). The wavelength for the determina- 
tion of microalgal biomass is in the visible range of the electromagnetic spectrum 
(400 to 700 nm). It is recommended to do a calibration curve with samples of known 
microalgal cell numbers so as to extrapolate cell numbers from the standard curve. 
Spectrophotometric analysis is an easy quantification method although not very accu- 
rate because some other non-microalgal particles such as artifacts and dissolved and 
suspended solids may contribute to light absorption. However, it is recommended to 
ensure that the samples to be analyzed are free of other contaminants prior to analy- 
sis because this method does not discriminate noncellular materials from microalgal 
cells. One major drawback of spectrophotometric analysis is that culture conditions 
greatly affect chlorophyll content, which in turn determines absorbance. Microalgal 
cells grown in dark conditions have higher chlorophyll contents as compared to cells 
grown under high light intensity. 

The use of light absorption is suitable for the estimation of microalgal population 
size rather than the determination of the actual number of individual cells. 

4.4.2 Gravimetric Analysis 

The quantitative determination of biomass by gravimetric analysis is easy, cost 
effective, and the equipment required for this purpose is not very expensive. 
However, this technique determines the weight of the whole biomass and does not 
discriminate individual cells in the media. In general, wet or dry weights of the 
biomass can be measured, although wet weight determination is not very accurate. 
The microalgal cells are harvested by centrifugation and the pellet washed twice 
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with isotonic ammonium formate (NH 4 HC0 2 , 2%) to remove suspended residual 
salts (Valenzuela-Espinoza et al., 2002). The advantage of using ammonium formate 
is that it does not leave any residue as it decomposes to volatile compounds during 
the drying process. An empty watch glass is weighed and the microalgal sample 
pellet transferred to the watch glass. The biomass is dried in an oven at 60°C for 
12 hours. After drying, the weight of the watch glass plus the dry biomass is deter- 
mined, and the net dry cell weight (DCW) is calculated using Equation (4.1): 

DCW (mg L _1 ) = [{Watch glass (mg) + Dry biomass (mg)} 

- Watch glass (mg)]/Volume (L) (4.1) 

4.4.3 Counting Chambers 

The counting chamber methods are well established and frequently applied for micro- 
algal enumeration due to their low cost and easy application. The three common types 
of counting chamber methods for microalgae enumeration are the (1) Sedgewick- 
Rafter counting slide, (2) Palmer-Maloney counting slide, and (3) haemocytometer 
counting slide (LeGresley and McDermott, 2010). The three methods require sam- 
ples with high cell densities. The presence of contaminating particles in the same size 
range as the algae and failure of cells to separate after cell division may be possible 
sources of erroneous counts (Coutteau, 1996). Table 4.1 compares the merits and 
drawbacks as well as fundamentals of the three counting chamber methods. 

4.4.4 Flow Cytometry 

Flow cytometry (FCM) is an automated cell counting technique that captures the 
fluorescence and scatter properties of the microalgal cells. The major advantage 
of automated cell counting techniques over optical microscopy is that they mini- 
mize the errors associated with human counting (Marie et al., 2005). The use of this 
highly sophisticated technique is hindered by the cost of the equipment as well as 
the requirement of highly skilled and trained personnel to operate the instrument. 
In addition, this technique is also plagued by limited sensitivity at lower microalgal 
cell concentrations. The solid-phase cytometer method for conducting total direct 
counts of bacteria is less biased and has performed significantly better than any of 
the microscopic methods (Lisle et al., 2004). Basic image analysis methods do not 
generally discriminate between phytoplankton and other material such as detritus 
and sediment in samples, thereby presenting a problem in the application to routine 
field samples. This technique may be more useful for the analysis of cultures and 
mono-specific high-density blooms ( Karlson et al., 2010). 

4.5 CONCLUSION 

Microalgal enumeration can be tedious and cumbersome due to the small size of 
microalgal cells. Furthermore, this is exacerbated by the prohibitive cost of the 
available sophisticated equipment. To date, however, microalgal enumeration has 
been accomplished by gravimetric analysis, counting chambers, and flow cytometry. 



TABLE 4.1 

Comparison of the Fundamentals of the Counting Chamber Methods 

Counting Chamber Sedgewick-Rafter Palmer-/ 
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The invention and development of advanced techniques such as fluid imaging 

alleviates the drawbacks of flow cytometry. 
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5.1 INTRODUCTION 

One of the most important factors in achieving economically and environmentally 
feasible commercial-scale production of microalgae is the development of cost- 
effective, sustainable culture systems (Borowitzka, 1999; Richmond, 2000). The 
design of the cultivation system influences the environmental conditions experienced 
by the cells, which in turn determine the productivity (Greenwell et al., 2010). 
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Improving productivity is key to achieving economic viability in large-scale, outdoor 
cultures (Lee, 2001). 

Microalgal cultivation has been carried out in a variety of vessels, ranging from 
natural open lakes and ponds to highly complex and controlled photobioreactors 
(PBRs). Typically, the term photobioreactor has been used to refer to closed systems 
exclusively; however, by definition, open systems are also PBRs. A bioreactor is a 
container in which living organisms are cultivated and carry out biological conver- 
sions (e.g., biomass or product formation) (Grobbelaar, 2009). A PBR is a reactor in 
which organisms that obtain energy from light, such as algae, plants, and certain 
microbial cells (phototrophs), are used to carry out reactions (Mata et al., 2010). 
Each type has advantages and disadvantages, but the overall goals are similar. In the 
design of commercial algae cultivation systems, the aim is to achieve: 

• Optimal volumetric and/or areal productivity 

• Efficient conversion of light energy to product 

• Consistency and reliability of production 

• Cost effectiveness 

Effective reactor design requires knowledge of both algal physiology and reac- 
tor engineering, such as aspects of hydrodynamics and mass transfer (Ugwu et al., 
2008). Section 5.2 outlines the key requirements for algal growth and how these 
relate to design considerations of the cultivation system. Section 5.3 describes the 
range of open and closed systems that have been used for microalgal cultivation. 
These are compared with respect to a range of attributes in Section 5.4. 

5.2 GROWTH REQUIREMENTS AND DESIGN PARAMETERS 

For optimal microalgal growth, several environmental parameters (e.g., temperature, 
light intensity, pH, and nutrient concentrations) must be kept within narrow physi- 
ological limits. The reactor system is critical in the provision and maintenance of a 
favorable growth environment (Pulz, 2001). Hence, reactor design requires knowl- 
edge of aspects of algal physiology, such as the morphology, nutrient requirements, 
and stress tolerance of the species to be grown. Some of the requirements for micro- 
algal growth are listed in Table 5.1, along with the consequences of under- or over- 
provision, and the relevant reactor design features. 

5.2.1 Light 

Light is the principal limiting factor in the culture of photosynthetic organisms (Pulz, 
2001); therefore, the intensity and utilization efficiency of the light supply are criti- 
cal in reactor design (Kumar et al., 2010). The photosynthetic activity of microalgae 
changes in response to light intensity in three distinct regions. At low light intensities, 
cells are light limited and the photosynthetic rate increases with increasing irradiance. 
Once cells become light saturated, the rate of photon absorption exceeds the rate of 
electron turnover in Photosystem II (PS II), and there is no further increase in the 
photosynthetic rate with increasing light intensity. Once irradiance increases above 
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TABLE 5.1 

Key Requirements for Algal Growth in Relation to PBR Design 





Consequences if 


Consequences if 




Key Requirement 


Too Low 


Too High 


Function of 


Light 


Insufficient for 


Photo-inhibition, 


Reactor surface:volume ratio 




photosynthesis, 


photo- and 


Geometry, orientation, and 




slow growth 


oxidative damage 


inclination of reactor 
Material and thickness of 
reactor walls 

Culture depth and density 
Mixing 


Temperature 


Slow growth, 
dormancy 


Cell death 


Heat input (ambient 
temperature, solar radiation, 
angle to sun, shading, heat 
generation by algal 
metabolism) 

Heat dissipation (evaporation, 
airflow, heating/cooling 
mechanisms) 


Nutrient provision 


Growth inhibition 


Toxicity 


Media composition 
C0 2 provision and 0 2 removal 
(mass transfer, sparging and 
degassing mechanisms, gas 
concentration and flow rate, 
headspace, gas holdup 
volume) 

Mixing 


Mixing 


Poor mass transfer 


Shear stress 


Reactor geometry, mixing 




Biomass settling 
Anaerobic zones 


High energy use 


technique (e.g., mechanical, 
air flow, gravity flow) 



a certain point, cells become photo-inhibited due to damage to the photosynthetic 
apparatus, and the photosynthetic rate declines with further increases in irradiance 
(Chisti, 2007; Grobbelaar, 2009). In most algae, photosynthesis is saturated at about 
1,700 to 2,000 pmol irr 2 s _l , while some plankton are photo-inhibited at much lower 
levels (130 pmol m ~ 2 s~ ] ). Photo-inhibition occurs rapidly; irreversible destruction can 
occur in a few minutes, exceeding 50% damage after 10 to 20 minutes (Pulz, 2001). 

In dense algal cultures under high irradiance (e.g., mid-day sunlight), it is likely 
that the illumination at the culture surface will be sufficient to induce photo- 
inhibition, while that a few centimeters below the surface will be insufficient for 
growth. The light conditions experienced by an individual cell within a reactor are 
constantly changing as a function of 

• Culture depth or optical cross-section (the deeper or wider the culture 
vessel, the longer cells spend in low light conditions) 
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• Biomass concentration or areal density 

• Turbulence induced by mixing (influences light-dark cycling as cells move 
in and out of the photic volume) (Grobbelaar, 2009). 

The requirement for optimal light provision to all cells places unique constraints 
on the geometry of reactors. As light enters a culture surface, it is absorbed and 
scattered by the cells, particulate matter, colored or chemical substances, as well as 
the water itself (Grobbelaar, 2009). As cells at the surface absorb light, they shade 
those below them. Due to this mutual shading effect, light intensity decreases with 
culture depth. Light does not penetrate more than a few centimeters into a dense 
algal culture; therefore, optical depth must be minimized. Reactor scale-up is based 
on reactor surface area rather than volume, as in the case of heterotrophic fermenta- 
tions, and the surface-area-to-volume ratio is a critical parameter (Scott et al., 2010). 
Reactor design is a trade-off between maintaining a shallow depth, or thin optical 
cross-section, and the increased cost of reactor materials, decreased efficiency of 
mixing, and greater land area involved. 

The density of the culture determines the attenuation of light with distance from 
the reactor surface. Given a certain reactor path length and light intensity, there will 
be a corresponding optimal cell density. Below the optimal areal density, all cells are 
exposed to excess light, and above optimal density, a significant proportion of the 
culture is in the dark (Grobbelaar, 2009). At the optimal density, given sufficient mix- 
ing, all cells are subject to equal light-dark fluctuations. Maximum photosynthetic 
efficiency occurs in relatively dilute cultures. The increase in productivity achieved 
by maintaining the optimal cell density for light provision must be balanced against 
the costs of the increased reactor volume and harvesting capacity required to process 
large volumes of dilute cell suspensions. In addition, a high volumetric yield does not 
necessarily mean that incident light is being most efficiently used. This is measured 
by areal yield, not volumetric yield, and for this there is an optimal areal cell density 
as well as cell concentration (Richmond, 2000). 

Microalgal cells can become acclimated to high or low light conditions. In an 
effort to balance the activity of the light and dark photosynthetic reactions, cells 
modulate their light-harvesting capacity (e.g., through adjusting the number of PS 
II reaction centers and the pigment concentration), depending on the ambient light 
intensity. The process of photo-adaptation takes 10 to 40 minutes (Pulz, 2001). Due 
to the fact that a culture may become acclimated to prevailing light conditions, the 
optimal biomass concentration is different at high and low irradiance. It is therefore 
impossible to operate at a single optimum cell concentration when a range of irradi- 
ance occurs over the course of the day (Lee, 2001). 

It has been postulated that there is a phenomenon known as the flashing light 
effect that leads to increased productivity at certain frequencies of light-dark cycling. 
Exposing cells to very short cyclic periods of light and darkness could counterbal- 
ance the two extremes of light over-saturation and inhibition. However, the effect 
of flashing light is very difficult to separate experimentally from the effects of the 
increased turbulence required to generate faster light-dark cycling (Grobbelaar, 
2009). It is clear that enhanced mixing, up to a point at which cell damage begins to 
occur, is beneficial to optimal light provision by creating an average light intensity 
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across the reactor volume by rotating cells between the light and dark phases of the 
reactor. 

In addition to individual reactor design, the configuration of multiple reactor units 
can be designed for optimal light distribution. For example, placing plate reactors 
very close together dilutes strong light, which leads to an increase in photosynthetic 
efficiency. Overlapping tubular systems can also be used to dilute strong sunlight. 
However, the benefits of high photosynthetic efficiency may be offset by the increased 
cost of reactor hardware (Richmond, 2000). 

The use of internal illumination can remove some of the surface-area-to-volume 
constraint on bioreactor design (Ugwu et al., 2008). Both natural and artificial light 
sources could be utilized, either using optic fibers to distribute solar energy inside 
the PBR or placing waterproof artificial illumination internally. Artificial lighting 
has the advantage that it can be used to supplement the light supply at night or dur- 
ing cloudy days. However, it adds to the operational cost and energy input; therefore, 
higher biomass yields are crucial (Ugwu et al., 2008; Kumar et al., 2010). 

5.2.2 Temperature 

Along with light intensity, temperature is one of the most difficult parameters to 
optimize in large-scale outdoor culture systems. Fluctuations in temperature, both 
daily and seasonally, can lead to significant decreases in productivity. The optimal 
growth temperature for microalgae is species specific, but often in the region of 20°C 
to 30°C (Chisti, 2008). Many algal species can tolerate temperatures of up to 15°C 
lower than their optimum, with reduced growth rates, but a temperature of only a few 
degrees higher than optimal can lead to cell death (Mata et al., 2010). The net effi- 
ciency of photosynthesis declines at high temperature as the rate of respiration rises 
significantly, while the increased flux through the Calvin cycle is moderate. This 
effect is worsened by the fact that C0 2 becomes less soluble at elevated temperatures, 
more rapidly than 0 2 (Pulz, 2001). 

Low seasonal, morning, and evening temperatures can lead to significant losses 
in productivity, although low nighttime temperatures are potentially advantageous 
due to a reduction in the respiration rate. As much as 25% of the biomass produced 
during daylight hours can be lost at night due to respiration (Chisti, 2007). Cool 
nighttime temperatures can minimize this loss. 

Closed reactor systems almost always require some form of temperature control. 
They often suffer from overheating during hot days when temperatures inside the 
reactor can reach in excess of 50°C. Heat exchangers or evaporative water-cooling 
systems may be employed to counteract this (Mata et al., 2010). The culture system 
can also be placed inside a greenhouse, or contacted with water to minimize tem- 
perature fluctuations (Chisti, 2007). Closed PBRs are sometimes floated, either 
whole or just the solar collector, in a temperature-modulating water bath. Double- 
walled reactors with part of the liquid volume used for heating and cooling have 
been devised (Ugwu et al., 2008), although all such modifications add to the cost of 
production. 

There is a relationship between temperature and light availability. Exposure to 
a rapid increase in light intensity when the temperature is below optimum (as occurs 
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in the early morning in outdoor cultures) can lead to photo-inhibitory stress as cells 
are too cold to process incoming photons, thereby reducing photosynthetic efficiency 
for a good part of the morning (Vonshak, 1997). Low temperatures are therefore 
particularly suboptimal in the early morning, and any efforts to employ heat reactors 
should be concentrated just before dawn. 

5.2.3 Nutrient Provision 

Optimal supply of nutrients, mainly carbon, nitrogen, and phosphorous, along with 
various other macro- and micronutrients required for algal growth, is a prerequisite 
for high growth rates. Deficiencies in any nutrient cause disturbances in metabo- 
lism, physiological changes, and decreased productivity (Pulz, 2001). The supply of 
nutrients to the culture is relatively simple, but the supply of nutrients to individual 
cells depends on efficient mass transfer, which is related to mixing and gas sparging 
(Grobbelaar, 2009). Nutrients are also a significant cost in microalgal cultivation; 
therefore, design of the reactor system to allow for efficient recycling of culture 
medium is essential (Greenwell et al., 2010). 

Nutrients, with the exception of light and carbon, are generally provided in the 
liquid growth medium. Carbon is a major constituent of algal cells (often com- 
prising 50% of the dry weight), usually obtained from carbon dioxide (C0 2 ) gas 
(Chisti, 2007). The concentration of C0 2 in air (0.04%) is suboptimal for plant 
growth; therefore, for optimal productivity, C0 2 -enriched air must be supplied (Pulz, 
2001). CO, may be available from flue gas or other waste gas streams, but the cost 
of gas compression and extensive sparging systems for arrays of PBRs is significant. 
The location of large algal plants sufficiently near the source, along with the safety 
concerns of large-scale distribution of flue gas (low in 0 2 and high in C0 2 , NO x , and 
SO x ) at ground level, could present its own challenges (Scott et al., 2010). 

In cases of carbon limitation, the efficiency of mass transfer of CO, from gas to 
liquid form in the culture medium becomes critical to productivity. Certain algal 
species can grow heterotrophically or mixotrophically, in which case all or some 
of the carbon and energy requirements can be supplied from an organic carbon 
source such as glucose or acetate (Lee, 2001). The use of heterotrophy can reduce 
the dependence of productivity on light and CO, supply, which releases some of the 
key constraints on reactor design (Pulz, 2001). Heterotrophic cultivation of micro- 
algae in sterilizable fermenters has achieved some commercial success, although 
biomass productivity has yet to match that of yeast and other heterotrophic organisms 
(Lee, 2001). 

Mixing and nutrient concentrations are also linked to pH control. Mixing promotes 
reactions of C0 2 with H + , OH - , H 2 0, and NH 3 in the medium, which affect the pH and 
hence CO, uptake rates (Kumar et al., 2010). The pH increases along the length of 
tubular reactors due to consumption of CO,. In long reactors, C0 2 injection points may 
be necessary to prevent a rise in pH above optimal levels (Chisti, 2007). CO, addition 
is commonly controlled by feedback from a pH meter (Carvalho et al., 2006). 

The removal of toxic metabolites is also critical to the efficiency of growth and 
photosynthesis. Under high irradiance, oxygen generation in closed PBRs can be up 
to 10 g 0,.m -3 min -1 . Maximum dissolved oxygen levels should not exceed 400% 
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saturation (with respect to air-saturated culture) (Chisti, 2007). A build-up of 0 2 in 
the reactor can cause the key carbon-fixing enzyme RuBisCO to bind oxygen instead 
of carbon dioxide, leading to photorespiration instead of photosynthesis (Dennis 
et al., 1998). High oxygen concentrations, in addition to intense light, lead to the 
formation of oxygen radicals that have toxic effects on cells due to membrane dam- 
age (Molina Grima et al., 2001; Pulz, 2001). Many algal strains cannot survive in 
0 2 over-saturated conditions for more than 2 to 3 hours. High temperatures and light 
intensify the damage (Pulz, 2001). Oxygen build-up limits the maximum length of a 
closed tubular reactor. Typically, a continuous tube should not exceed 80 m (Molina 
Grima et al., 2001), although the exact length depends on biomass concentration, 
light intensity, liquid velocity, and initial 0 2 concentration. In a closed reactor, 
culture must continuously return to a degassing zone, where it is bubbled with air to 
strip the 0 2 . The degassing zone is typically optically deep compared with the solar 
collector, and hence poorly illuminated; thus its volume should be small relative to 
the solar collector (Chisti, 2007). 

In high-density algal cultures, the key challenges in nutrient provision are in mass 
transfer of C0 2 to cells and 0 2 away from cells. Efficient mixing and aeration, with- 
out inducing shear stress and requiring excessive energy input, are important param- 
eters. Bubbling of gas through cultures can be used to simultaneously introduce C0 2 , 
strip 0 2 , and mix the culture broth (e.g., bubble columns and airlift reactors). The 
overall mass transfer coefficient (kLa) of the reactor is an important parameter in 
determining the carbon supply. The kLa depends on reactor geometry, agitation rate, 
sparger type, temperature, mixing time, liquid velocity, gas bubble velocity, and gas 
holdup (Ugwu et al., 2008). 

5.2.4 Mixing 

Mixing is of paramount importance in microalgal culture systems as it is directly 
linked to other key parameters such as light provision, gas transfer, and nutrient 
provision. Good mixing keeps the cells in suspension, eliminates thermal stratifica- 
tion, determines the light-dark regime by moving cells through an optical gradient, 
ensures efficient distribution of nutrients, improves gas exchange, reduces mutual 
shading at the center of the reactor, and decreases photo-inhibition at the surface 
(Ugwu et al., 2008). Mixing affects the mass transfer rates of dissolved nutrients and 
gases by reducing the boundary layer between the surface of cells and gas particles 
and the bulk liquid (Grobbelaar, 2009). The synergistic effect on several parameters 
at once means that mixing efficiency has a strong effect on growth rate. 

One of the major differences between open and closed reactors is the degree of tur- 
bulence achieved. Higher turbulences are more easily achieved in closed PBRs with 
narrow tubes or plates. Mixing in open ponds is typically provided by a paddlewheel 
or rotating arm. In closed reactors, mixing can be achieved mechanically (by pumping 
or stirring) or by aeration via a variety of gas transfer systems (e.g., bubble diffusers, 
pipes, blades, propellers, jet aerators, or aspirators). Stirring is efficient but incurs high 
mechanical stress. Mixing by gas injection is relatively gentle and efficient, but may 
require energy intensive gas pressurization. Gas introduced into reactors can serve 
a number of purposes, including supply of nutrients, control of pH, stripping of 0 2 , 
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and mixing. Bubbling of C0 2 into the bottom of reactors is generally favored, although 
it achieves only moderate transfer efficiencies (13% to 20%) due to loss of C0 2 to the 
atmosphere, fouling of diffusers, and poor mass transfer (Kumar et ah, 2010). 

Mixing must be almost continuous to prevent settling of biomass (Molina Grima, 
1999) and can represent the major energy input into reactor maintenance. High rates 
of mixing can also impose shear stress on microalgal cells, particularly in filamen- 
tous species or those with delicate morphology (Greenwell et al., 2010). Mixing rates 
are therefore a trade-off among enhanced growth rate, cell damage, and energy 
requirement. 

5.3 CULTIVATION SYSTEMS 

A wide variety of open and closed reactor systems have been proposed for microal- 
gal cultivation, possibly reflecting the diversity in the physiology and requirements 
of different algal species. Ultimately, the overall goal is the continuous maintenance 
of a desired algal culture under conditions for optimal productivity. High volumet- 
ric and areal yields reduce cost by minimizing the reactor volume and land area 
required, respectively. Important factors in achieving this include (Richmond, 2000): 

• Provision of sufficient light, despite daily and seasonal variations and dense 
algal culture 

• Optimal mixing and mass transfer, while avoiding damage to cells by shear 
stress 

• Minimization of deviation from optimal temperature (requires cooling in 
summer and heating in winter) 

• Minimization of dissolved oxygen tension 

• Simple cleaning and maintenance 

• Minimization of energy input requirements 

• Minimization of water use (e.g., evaporation from ponds, evaporative 
cooling use) 

• Low capital and operating costs per unit of harvested product 

5.3.1 Open Systems 

Historically, the vast majority of commercial production has been carried out in 
open ponds, and they are still the most widely applied reactor system in industrial 
microalgal processes (Carvalho et al., 2006). Open systems include natural water 
bodies, circular ponds, raceway ponds, and cascade systems. The main constraints 
on growth in open ponds are that it is impossible to control contamination, difficult 
to keep the culture environment constant, and expensive to harvest the dilute biomass 
(Carvalho et al., 2006). To maintain a monoculture in open ponds, highly selective 
culture conditions are necessary in order to guarantee dominance by the desired 
strain. For this reason, a limited number of species able to tolerate extreme condi- 
tions (e.g., Spirulina, which grows at high pH, and Dunaliella, which requires high 
salt concentrations) have been successfully grown. Open systems are susceptible to 
changes in temperature and irradiance due to local weather and climatic conditions, 
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thus making it difficult to maintain optimal growth conditions. Low cell densities 
are usually obtained, requiring large volumes to be processed during harvesting, and 
thus increasing the cost of product recovery (Carvalho et al., 2006). 

5.3.1 .1 Natural Waters 

Open systems include natural waters, lakes, and dams where the growth of the 
microalgae of interest either occurs naturally or is encouraged through addition of 
nutrients. Harvesting is carried out in situ; for example, Spirulina is harvested com- 
mercially from Lake Texcoco in Mexico. Although naturally harvested microalgae 
incur very little cost in cultivation, the productivity and product quality (biologically 
and toxicologically) cannot be assured (Lee, 2001). 

5. 3.1. 2 Circular Ponds 

The first mass culture of microalgae was carried out in circular ponds (Lee, 2001). 
They are generally simple, round, concrete ponds or dams, mixed by a rotating cir- 
cular arm fixed in the center of the pond, or by manual stirring. The size of the pond 
is limited by the strain of the water resistance against the rotating motor. The largest 
reported pond is 50 m in diameter (Lee, 2001). They are commonly used in Japan, 
Taiwan, Indonesia, and Ukraine for Chlorella cultivation (Lee, 2001; Pulz, 2001). 

5. 3.1. 3 Raceway Ponds 

The most commonly used design for commercial microalgal production is the 
raceway pond. A raceway is an oval-shaped, single- or multiple-loop recirculation 
channel (Figure 5.1), usually 15 to 20 cm deep, with mixing provided through circu- 
lation by a rotating paddlewheel (Pulz, 2001; Brennan and Owende, 2010). Baffles 
are often placed in the bends of the flow channel to guide the water and facilitate 
mixing (Chisti, 2007). They are commonly built from concrete or packed earth. 




FIGURE 5.1 Schematic diagram of a raceway pond. 
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and covered with a plastic lining. The largest raceway pond in operation is 5,000 m 2 , 
located at Earthrise Nutritionals, a commercial Spirulina producer in Southern 
California (Spolaore et al., 2006). 

By convention, in continuous production, nutrients are introduced in front of the 
paddlewheel and harvesting takes place behind the wheel (Brennan and Owende, 
2010). C0 2 is provided by gas exchange via natural contact with the surrounding 
air (Singh et al., 2011). Occasionally, submerged aerators are installed to enhance 
CO, absorption. Light provision is by natural sunlight. Ponds can be placed inside 
covered tunnels to aid in temperature regulation. 

Raceway ponds incur relatively low capital investment as well as operational costs. 
Weekly monitoring is usually sufficient, and the main costs are in the media compo- 
nents and the energy consumed for mixing (Singh et al., 2011). Biomass concentra- 
tions are normally in the region of 0.5 g L _l , with a biomass productivity of 10 to 
25 g nr 2 d~’ (Sheehan et al., 1998; Lee, 2001). Raceway ponds have been in use since 
the first commercial microalgal ventures were established, and extensive experience 
in their design and operation exists. Examples of the productivities obtained with 
various microalgal species in raceway ponds are given in Table 5.2. 

The only open system to achieve very high cell densities sustainably is the cascade 
system developed in the Czech Republic and used for cultivation of Chlorella 
(Setlik et al., 1970). With a culture depth of less than 1 cm, cell densities of up to 



TABLE 5.2 

Examples of Productivities Achieved in Open Ponds with 
Various Microalgal Species 

Highest Productivity 



Species 

Amphora 

Ankistrodesmus falcatus 
Chaetoceros muelleri 
Chlorella sp. 

Chlorella sp. 

Chlorella vulgaris 
Cyclotella cryptica 
Isochrysis galbana 
Nannochloropsis 
Namiochloropsis salina 
Porphyridium purpureum 
Scenedesmus obliquus 
Spirulina platensis 
Spirulina platensis 
Spirulina sp. 

Spirulina sp. 

Tetraselmis suecica 



g m - 2 d - ' 


g Md-' 


39 


0.18 


26 


0.18 


14 




2 




40 




27 




28 




15 




25 


0.18 


48 




12 




27 


0.18 


69 




19 


0.15,0.32 


19 





Ref. 

Sheehan et al.. 1998 
Sheehan et al.. 1998 
Sheehan et al.. 1998 
Sheehan et al.. 1998 
Setlik et al., 1970 
Piorreck et al.. 1984 
Sheehan et al.. 1998 
Sheehan et al.. 1998 
Sheehan et al.. 1998 
Sheehan et al.. 1998 
Sheehan et al.. 1998 
Grobbelaar, 2000 
Piorreck et al.. 1984 
Richmond et al., 1990 
De Morais et al., 2009 
Pushparaj et al., 1997 
Sheehan et al., 1998 
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10 g L _1 Chlorella were achieved. However, the biomass productivity was compa- 
rable to that of raceways (25 g m~ 2 d~ [ ) (Lee, 2001). The system had a sloping base 
made of glass, which rendered it very expensive, but the use of cheaper materials 
could make it price competitive with raceway ponds. A similar system has been 
used in Western Australia, consisting of a 0.5-ha sloping, plastic-lined pond for the 
production of Chlorella, achieving similar biomass productivity (Borowitzka, 1999). 

5.3.2 Closed Systems 

Although they are more expensive to build and run than open systems, the promise 
of improved yields, and the possibility of growing a wider range of species, has led 
to significant interest in closed reactors. It is much easier to control contamination 
and environmental parameters in closed systems, allowing the cultivation of more 
sensitive strains and expanding the potential product range. Biomass concentra- 
tions obtained are higher than in open systems, thus reducing the cost of harvesting. 
However, the capital and operating costs of closed reactors are higher than those of 
open ponds (Carvalho et al., 2006). 

A large variety of PBR designs have been proposed, only a few of which have been 
commercialized (Greenwell et al., 2010). Most designs are based on the premise of 
optimizing light provision by maximizing the area-to-volume ratio, while ensuring a 
reasonable working volume, cost of reactor material, and mixing pattern (Carvalho 
et ah, 2006). One of the major problems with closed reactors is temperature control, 
and the larger the area-to-volume ratio, the more susceptible the temperature of the 
medium is to changes in environmental temperature. The optimum light path length 
is 2 to 4 cm (Borowitzka, 1999), but most closed reactors have a larger diameter for 
ease of mixing, cleaning, temperature regulation, and to increase the working volume 
while reducing the cost of construction materials. Sedimentation is prevented by 
maintaining turbulent flow through mixing mechanically or by airlift. 

An important and often overlooked feature of closed reactors is the ease with which 
they can be cleaned and sanitized (Chisti, 2007). Closed microalgal reactors are often 
presented as having the advantage of a decreased risk of contamination. Contamination 
can be avoided in closed reactors, but only if they are operated under sterile conditions, 
which adds to the cost (Scott et al., 2010). Due to their large size and surface area, closed 
reactors cannot be effectively sterilized by heat, and therfore require chemical steriliz- 
ers. These are not always 100% effective and sometimes require large volumes of sterile 
water to flush out the chemical agent. Most closed PBRs do not satisfy the good manu- 
facturing practice requirements for production of pharmaceutical products (Lee, 2001). 

The most common designs are tubular (Miyamoto et al., 1988; Richmond et al., 
1993; Borowitzka, 1996; Vonshak, 1997) or flat-plate (Hu et al.. 1996; Vonshak, 1997) 
reactors. Both types usually operate with culture circulated between a light-harvesting 
unit, consisting of narrow tubes or plates, to provide a high surface area, and a reser- 
voir or gas exchange unit in which C0 2 is supplied, O, removed, and harvesting car- 
ried out. The circulating pump must be carefully designed so as to avoid shear forces 
disrupting algal cells. A variety of microalgae, including Chlorella and Spirulina, 
have been successfully maintained in both tubular and flat-plate PBRs (Molina 
Grima, 1999; Lee, 2001; Pulz, 2001; Carvalho et al., 2006). 
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Scale-up of any PBR design is challenging due to the difficulty in maintaining 
optimum light, temperature, mixing, and mass transfer in large volumes (Ugwu et al., 
2008). Large-scale closed systems will likely be based on the integration of multiple 
units rather than increasing the size of a single reactor (Brennan and Owende, 2010). 

5. 3. 2.1 Tubular Reactors 

Tubular reactors are characterized by very high area-to-volume ratios (dependent 
on tube diameter) but poor mass transfer, leading to 0 2 build-up and C0 2 depletion 
(resulting in photorespiration, oxidative damage, and pH gradients) over the length 
of closed tubing. Tubes are generally manufactured from polyethylene or glass. The 
most important criteria for construction material are transparency, to allow good 
light penetration, and low cost (Ugwu et al., 2008). Additional challenges include 
photo-inhibition, temperature control, and fouling due to cells adhering to the inside 
of tube walls, leading to decreased light penetration (Ugwu et al., 2008). Narrow- 
diameter tubes can present a challenge to clean. 

Most tubular reactors can be categorized into one of three types: 

1. Vertical airlifts or bubble columns consisting of a clear vertical tube mixed 
by gas sparging from the bottom 

2. Horizontal tubular systems with clear, thin-diameter tubing lying or stacked 
horizontally, usually connected to a gas transfer system 

3. Helical tubular reactors consisting of thin, flexible tubing coiled around a 
circular framework 

Airlift and bubble column reactors (Figures 5.2a and b) are examples of vertical 
tubular reactors. Air, or air enriched with C0 2 , is bubbled into the bottom, providing 
efficient mixing and gas transfer throughout the reactor. The simplest form of bubble 
column reactor is a hanging polyethylene bag, and these have frequently been used 
as a low-cost option. Plastic bags have a high transparency, good sterility at start-up 
(due to the high temperatures used in plastic extrusion), and are readily replace- 
able. Concentrations three times that of open ponds were obtained by culturing 
Porphyridium in 25 L hanging bags (Cohen and Arad, 1989). Other researchers have 
also found that 40 to 50 L bags are practical (Trotta, 1981; Martmez-Jeronimo and 
Espinosa-Chavez, 1994). 

Although cultivation in plastic bags is simple, cheap, and widely employed, par- 
ticularly in the production of microalgae as feed for aquaculture hatcheries, scale-up 
is limited by the fragility of cheap plastic and light penetration, as increases in bag 
volume lead to decreased productivity due to mutual shading (Martmez-Jeronimo 
and Espinosa-Chavez, 1994). Rigid vertical tubes have also been frequently used 
(Carvalho et al., 2006). In an airlift reactor, an inner tube called the riser directs air 
bubbles up the center of the reactor and then down the outer region, called the down- 
comer (Figure 5.2b). This provides effective, gentle mixing and produces regular 
light-dark cycles. 

Vertical reactors are compact, low cost, and easy to clean and keep sterile (Ugwu 
et al., 2008); however, their size is limited by the surface-to-volume ratio. The scale- 
up of any tank, container, or hanging bag becomes limited by light penetration at a 
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FIGURE 5.2 Schematic diagram of (a) vertical bubble column and (b) airlift reactor. 



volume of between 50 and 100 L. Underwater lighting has been considered, either in 
the form of submersible lamps, or optical fibers redirecting sunlight, but these add 
to the cost and energy footprint of the system (Pulz, 2001). In addition, the vertical 
angle of reactors is not ideal for capturing incident sunlight (Carvalho et al., 2006). 

Horizontal tubular reactors are designed to optimize light capture by increasing the 
angle to sunlight (Figure 5.3). Internal tube diameters range between 1.2 and 13 cm 
(Lee, 2001). The thinner the tubing used in the solar collector, the more efficient the 
light capture but the lower the culture volume per length of tubing. Thin tubing is also 
particularly susceptible to overheating, and temperature regulation mechanisms must 
be installed — for example, evaporative water cooling (often requiring large volumes 
of water), immersing the tubes in water, or shading them by covering or overlap- 
ping the tubes. The length of the closed tubing is constrained by 0 2 build-up; there- 
fore, reactors are usually modular, with parallel sets of shorter tubes interconnected, 
rather than a single long tube. Gas transfer takes place either at tube connections or 
in a dedicated gas exchange unit, where aeration and mixing are provided either by 
pump or airlift (Ugwu et al., 2008). There have been successful runs of horizontal 
tubular reactors with volumes of up to 8,000 to 10,000 L (Torzillo et al., 1986). One 
of the major disadvantages of horizontal reactors is the large land area required for 
horizontal tubing. The increased productivity with respect to open ponds may not be 
cost effective if a greater land area is necessary (Carvalho et al., 2006). 

Helical tubular reactors (Figure 5.4) are a promising alternative to horizontal 
tubular reactors as they reduce the land area required. By expanding vertically, 
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FIGURE 5.3 Schematic diagram of a horizontal tubular reactor. 




FIGURE 5.4 Schematic diagram of a helical tubular reactor. 

the areal footprint of the reactor is smaller, but the angle to sunlight is also reduced. 
Placing a light in the center of the coil can improve light penetration. A conical, 
instead of helical, framework has also been suggested, as it improves the spatial 
distribution of tubes for sunlight capture (Morita et al., 2000). However, scale-up is 
then limited as the angle and height of the coil are defined. One of the most effective 
designs is the Biocoil developed by Robinson (1987). It consists of a set of polyethyl- 
ene plastic tubes (2.4 to 5 cm in diameter) wound helically around an open circular 
framework. Parallel bands of tubes connect to a gas exchange tower. A centrifugal 
pump is used to move culture to the top of the coil, which may not be suitable for 
all species due to shear stress in sensitive cells and pump fouling in filamentous 
species. A heat exchanger or evaporative cooling provides temperature control. 
The system provides good mixing; minimal cell adhesion to the inside of tubes and 
scale-up is easy, involving the addition of more parallel coils. Several marine species 
and Spirulina have been successfully cultivated for more than 4 months in a 700 L 
Biocoil (Borowitzka, 1999; Carvalho et al., 2006). 
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FIGURE 5.5 Schematic diagram of an a-shaped tubular reactor. 

An a-shaped reactor, presenting an interesting alternative tube layout, was 
designed by Lee et al. (1995) (Figure 5.5). The symmetrical design uses airlift 
pumps to aerate and mix the culture in vertical tubes at either end. This then flows 
down tubes at a 45° angle, thus maximizing the angle of tubes to sunlight while 
saving space. As flow through the entire system is in the same direction, with two 
C0 2 injection points, relatively high liquid flow and mass transfer rates can be main- 
tained with relatively low air supply rates (Lee et al., 1995). 

5. 3. 2. 2 Flat-Plate Reactors 

Flat-plate reactors are characterized by a large surface area and lower 0 2 accumu- 
lation than tubular reactors (Ugwu et al., 2008). They generally consist of narrow 
panels, with walls made of glass or stiff Perspex® (Figure 5.6a). Productivity is max- 
imal at minimum light path length, but again the increased yield must be traded off 
against increased cost of materials to hold the same volume of culture. Reactors are 
usually modular, with working volumes of up to 1,000 L (Carvalho et al., 2006), and 
can be set up vertically or at an angle to the horizontal (Lee, 2001). The panels can 
have an open headspace for improved gas transfer, although such an open zone can 
compromise sterility. They are normally cooled either by spraying the flat surface 
with water (which can be collected for reuse by a trough at the base of the panel), or 
by sandwiching two panels together (one for algal growth and one for temperature 
modulation) (Tredici et al., 1991). In the past, there have been problems with circula- 
tion in flat-plate reactors (Carvalho et al., 2006), particularly at the base and in the 
corners of square panels. The main advantages of flat-plate reactors are their uni- 
form light distribution, the fact that reactors can be tilted to maintain optimal orien- 
tation toward the sun, and a reduced need for pumping if the culture is mixed by air. 

A promising modification to the basic flat-plate design is the alveolar panel 
(Figure 5.6b). Alveolar reactors have flat panels divided into a series of internal 
channels (or alveoli) providing structural rigidity and enabling efficient flow of cul- 
ture medium (Greenwell et al., 2010). The walls are made of polycarbonate, PVC, 
or polymethyl methacrylate (Carvalho et al. 2006). Tredici et al. (1991) used double 
sets of alveolar plates, placed horizontally, with culture circulated in the upper set 
and the lower set acting as a thermostat to control the temperature. Alveolar plates 
have also been placed vertically, with air bubbling from the bottom of each channel. 
A comparison of the productivities achieved in a range of closed PBRs is presented 
in Table 5.3. 
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FIGURE 5.6 Schematic diagram of (a) flat plate and (b) alveolar panel reactor. 



5.3.3 Alternative Designs 

5. 3. 3.1 Stirred Tank Fermenter 

Conventional heterotrophic fermenters (used routinely for cultivation of nonphotosyn- 
thetic microorganisms) have been used for the production of microalgae, particularly 
for high-value products such as fine chemicals and pharmaceuticals (Mata et al., 
2010). The area-to-volume ratio of a stirred tank is low; therefore, some form of inter- 
nal illumination (e.g., artificial lighting or sunshine directed through optical fibers) is 
necessary, or cultures must be grown heterotrophically (Lee, 2001; Carvalho et al., 
2006). Some algae are able to grow mixotrophically or heterotrophically on organic 
substrates such as glucose, acetate, or peptone (Grobbelaar, 2009). In this case, part 
or all of the carbon and energy is supplied by the organic substrate, thereby reducing 
the dependence of growth rate on light and C0 2 provision. Mixotrophic growth rates 
(where cells utilize both light and organic substrates) are often greater than purely 
photo-autotrophic or heterotrophic (e.g., Chlorella and Haematococcus) (Lee, 2001). 

The main advantages of stirred tank reactors are the precise control over operating 
parameters, the ability to maintain sterility, and the wealth of experience in their oper- 
ation and scale-up with yeast and microbes that exists. Maintaining sterility of cultures 
is crucial for the production of certain high-value metabolites (e.g., pharmaceuticals). 
Chlorella is routinely grown in stirred tanks up to high cell density (45 g L~ ] ), with a 
volumetric productivity of up to 20 g L _1 d _1 (Lee, 2001). When an organic substrate 
is added to the medium, sterility becomes a priority as bacteria readily compete with 
algae for the dissolved nutrients (Lee, 2001). Stirred tanks of up to 250 L have been 
run (Carvalho et al. 2006). Ogbonna et al. (1999) investigated the use of stirred tanks 
with a combination of sunlight and internal artificial lighting, which may reduce costs. 
Cultivation in stirred tank systems is limited to species able to assimilate organic car- 
bon substrates. Not all algae are able to grow heterotrophically (Lee, 2001). 

5. 3. 3. 2 Wave/Oscillatory Flow Reactors 

Oscillatory flow bioreactors contain equally spaced orifice plate baffles in a tubular 
style reactor. This reactor has improved heat and mass transfer due to the oscillatory 
motion that is imposed on the net flow of the fluid, which means that the degree of 
mixing is independent of the net flow. This results in long residence times in rela- 
tively low length-to-diameter ratios. This reactor design, therefore, has the potential 
to decrease the energy required for mixing algae cultures, due to decreased pumping 
requirements, and also leads to decreased capital costs (Harvey et al., 2003). 
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TABLE 5.3 

Examples of Productivities Achieved in Closed Bioreactors with 
Various Microalgal Species 

Highest Productivity 



Reactor Type 


Species 


g m _2 d _1 


g I ’d 1 


Ref. 


Vertical column 


Phaeodactylum 




0.69 


Sanchez Miron et al., 1999 




Isochrysis galbana 




1.60 


Qiang and Richmond, 1994 




Tetraselmis 


38.2 


0.42 


Chini Zittelli et al., 2006 




Haematococcus 




0.06 


Lopez et al., 2006 




pluvialis 








Airlift tubular 


Haematococcus 




0.41 


Lopez et al., 2006 




pluvialis 

Porphyridium 




1.5 


Rubio et al., 1999 




cruentum 










Porphyridium 


20 


1.2 


Aden Fernandez et al., 2001 




cruentum 










Phaeodactylum 


32 


1.9 


Molina Grima et al., 2001 


Horizontal tubular 


Spirulina maxima 


25 


0.25 


Torzillo et al., 1986 




Spirulina sp. 


27.8 




Torzillo et al., 1986 




Spirulina platensis 


27 


1.60 


Richmond et al., 1993 




Isochrysis galbana 




0.32 


Molina Grima et al., 1994 




Phaeodactylum 




2.02 


Fernandez et al., 1998 




Phaeodactylum 




2.76 


Grima et al., 1996 




Haematococcus 


13 


0.05 


Olaizola, 2000 




pluvialis 








Inclined tubular 


Chlorella sp. 


72.5 


2.90 


Lee et al., 1995 




Chlorella sp. 


130 


3.64 


Lee and Low, 1991 




Chlorella 




1.47 


Ugwu et al., 2002 




sorokiniana 








Helical tubular 


Phaeodactylum 




1.4 


Hall et al., 2003 




tricornutum 
Tetraselmis chuii 




1.20 


Borowitzka, 1997 


Flat plate 


Spirulina platensis 


33 


0.30 


Hu et al., 1996 




Spirulina platensis 


51 


4.30 


Hu et al., 1996 




Spirulina platensis 


24 


0.80 


Tredici et al., 1991 




Nannochloropsis 




0.27 


Cheng- Wu et al., 2001 




Nannochloropsis 




0.85 


Richmond and Cheng- Wu, 2001 




Haematococcus 


10.2 




Huntley and Redalje, 2006 




pluvialis 
Chlorella sp. 


22.8, 19.4 


3.8, 3.2 


Doucha et al., 2005 
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5. 3. 3. 3 Hybrid Production Systems 

As open and closed systems offer different advantages and disadvantages, it seems 
practical that a combination of the two could provide the best of both worlds. This 
idea has been investigated in various configurations, either by circulating culture 
between open and closed reactors through a single growth stage, or by having a 
two-stage culture regime where cells are moved from one to the other at a certain 
point. A simple single-stage intermediate design is produced by enclosing or semi- 
enclosing open ponds in tunnels or greenhouses to improve temperature control and 
reduce evaporation and contamination. This is very effective in improving produc- 
tivity, particularly in colder seasons, but comes at increased capital cost (Vonshak, 
1997). Pushparaj et al. (1997) described a system where an alveolar panel oriented 
toward the sun was coupled with an open raceway for gas transfer. Adding the panels 
improved the productivity of the pond from 0.18 to 0.31 g L d~'. 

In two-stage configurations, culture is usually grown initially in closed PBRs to 
optimize the growth rate and minimize contamination of the inoculum, which is 
then moved to an open pond for the second growth stage. Integration of open and 
closed PBRs in this way could provide sufficiently large, clean inoculants to limited- 
duration culture in outdoor raceways in order to significantly limit adverse events 
(Greenwell et al., 2010). 

The second cultivation stage often involves nutrient stress for accumulation of 
a metabolite such as lipids or pigments. The nutrient stress stage is suited to open 
ponds because the growth rate is naturally low and therefore not affected by the low 
light availability (Brennan and Owende, 2010). Initial culture in closed reactors also 
implies that the culture entering the pond is relatively dense and therefore less likely 
to be contaminated, particularly in a nutrient-deprived environment (Singh et al., 
2011). This sort of system has been used for the production of astaxanthin from 
Hciematococcus (Huntley and Redalje, 2006) and described for the production of 
biodiesel from Nannochloropsis (Rodolfi et al., 2009). 

5.4 COMPARISON OF REACTOR TYPES 

The microalgal reactors described above differ in features such as surface-to-volume 
ratio, freedom to adjust orientation and inclination, efficiency of mixing and gas 
supply (related to hydrodynamics and mass transfer), ease of maintenance, tempera- 
ture regulation, and construction materials. Table 5.4 presents a comparison of these 
design features in six major types of reactor. No reactor design is able to effectively 
control all these parameters simultaneously; therefore, any choice will be a compro- 
mise between the advantages and disadvantages of each system (Table 5.5). 

5.4.1 The Open versus Closed System Debate 

The relative merits of closed and open systems have been extensively debated in 
the microalgal literature (Pulz, 2001; Carvalho et al., 2006; Grobbelaar, 2009; 
Mata et al., 2010). There is no doubt that open ponds are the primary systems used 
in large-scale, outdoor microalgal cultures, but their commercial use has been 
limited to species that can be maintained using an extreme cultivation environment 
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TABLE 5.5 

Advantages and Disadvantages of Different Reactor Types 



Reactor Type 

Raceway 



Advantages 

Relatively economical 
Low energy input 
Easy to clean and maintain 
No 0 2 build-up 
Large production capacity 



Disadvantages 

Little control of culture conditions 
Poor mixing 
Light limitation 
Readily contaminated 
Limited growing period 
Poor productivity 
Large land area required 
Limited C0 2 mass transfer with large 
C0 2 losses to atmosphere if pond 
sparged 

Temperature determined by climate 



Vertical column PBR Excellent mixing 

High mass transfer rates 
Low shear stress 
Easy to clean and sterilize 
Reduced photo-inhibition 
Low cost 

Low land area requirement 



Low angle to incident sunlight 
Size limited by areaivolume ratio 
Large mixing energy due to gas 
compression 



Tubular PBR 



Large illuminated surface area 
Good biomass productivity 
Relatively cheap construction 
materials 



Gradients of pH, 0 2 , and C0 2 
along tubes 

Wall growth: fouling in tubes difficult to 
clean 

Large land area required 
Significant water losses if evaporative 
cooling is used 
Possible hydrodynamic stress 



Flat-plate PBR 



Large illuminated surface area 
Short light path 
Good biomass productivity 
Easier to clean 
Lower 0 2 build-up 



Scale-up requires many modules — 
material intensive 
Temperature control critical in thin 
reactors 



Source: From Borowitzka (1999); Pulz (2001); Chisti (2007); Ugwu et al. (2008); Brennan and 
Owende (2010); Mata et al. (2010). 



(Lee, 2001). To expand the product range, there is significant interest in the design 
of closed reactors, particularly in the production of high-value, low-volume prod- 
ucts requiring a high degree of sterility. The essence of the debate is presented in 
Table 5.6 through a comparison of the key parameters of open and closed reactors. 

Despite their higher cost and technical complexity, closed systems promise great 
improvements in enhancing control over process parameters. The challenge appears to 
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TABLE 5.6 

Comparison of Key Design Features and Process Parameters of Open and 
Closed Systems 





Open Systems 


Closed Systems 


Species Control 


Choice of species 


Restricted 


Flexible 


Main criteria for species 


Growth competition 


Shear resistant 


selection 


Tolerance of range of conditions 


Temperature tolerant 
0 2 resistant 


Contamination risk 


High 


Reduced 


Sterility 


None 


Achievable 


Light Availability 


Light utilization efficiency 


Low 


High 


Area-to- volume ratio 


Low (5-10 m -1 ) 


High (20-200 nr 1 ) 


Process Control 


Mixing 


Poor 


Uniform 


Gas transfer 


Poor 


Fair/high 


C0 2 loss 


High 


Depends on pH, alkalinity, 
gas recycling 


0 2 build-up 


Low 


High 


Overheating problems 


Low 


High 


Temperature control 


Harder, but cooling not as 


Easier, but cooling more often 




necessary due to large volume 


necessary 


Hydrodynamic stress 


Low 


High 


Evaporative water loss 


Surface evaporation 


Depends on cooling and 
sparging design 


Weather dependence 


High 


Less 


Cultivation period 


Limited 


Extended 


Productivity 


Biomass concentration 


Low (<1 g L -1 ) 


High (>2 g L- 1 ) 


Biomass productivity 


Low 


High 


Reproducibility of production 


Variable but consistent over time 


Possible within certain tolerances 


Cost 


Capital cost 


Low 


High 


Most costly operating 


Mixing 


Temperature and oxygen control 


parameters 


Energy input required 


Low 


High 


Harvesting efficiency 


Low due to low biomass 


Higher due to high biomass 




concentration 


concentration 



Source: From Pulz (2001); Carvalho et al. (2006); Grobbelaar (2009); Mata et al. (2010). 
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lie in enhancing productivity sufficiently that it outweighs the additional cost of closed 
reactors. Another alternative is to attempt to design PBRs that are cheap to build in terms 
of construction materials, as well as efficient in terms of light distribution, mixing, gas 
sparging, etc, which makes them cheap to operate by lowering energy requirements. 

A major but rarely recognized concern, particularly for energy products such as 
biofuels, is the energy balance of the production system. For a process to be econom- 
ically viable and sustainable, the energy generated when the product is used must 
be greater than that involved in its manufacture. The energy inputs in microalgal 
reactors are particularly focused on the mixing and gas pressurization, as well as the 
embodied energy in reactor materials; therefore, open systems have a more favorable 
energy balance than closed systems (Richardson, 2011). 



5.5 CONCLUSION 

In the production of algal energy products, the aim is the biological conversion of 
sunlight to a more convenient, portable, storable, and accessible form of fuel. In 
the case of biodiesel production, this entails the production of algal lipids. Lipid 
productivity is dependent on both biomass productivity and lipid content (Griffiths 
and Harrison, 2009), which is determined by both the species used and the culture 
conditions provided by the reactor. 

Most large-scale commercial algal production systems to date have been for food, 
feed, neutraceutical, or fine chemical production. As biofuel is a bulk commodity prod- 
uct, production must be on a grand scale, and costs must be extremely low. Sterility, 
particularly microbial contamination, is perhaps less of a concern for energy produc- 
tion than it would be for a product such as a neutraceutical or fine chemical for human 
consumption. A particular consideration with an energy product is that the energy 
balance must be positive; that is, the energy recovered from the product must exceed 
the energy input required for production. LCA (life cycle assessment) studies to date 
suggest that biofuel production in closed reactors is unable to achieve a net energy ratio 
(energy out/energy into process) of above one (Lardon et al., 2009; Richardson, 2011). 

It is generally considered that closed PBRs alone will be incapable of cost-effectively 
producing microalgal biomass on the scale required for biofuels (Greenwell et al., 
2010). While productivities will inevitably be lower in open raceways, it is envisaged 
that open systems, due to their lower cost, simplicity of operation, and ability to scale 
to large volumes, will form the basis of microalgal production for biofuels (Sheehan 
et al., 1998). The lipids necessary for biodiesel production are often produced under 
nutrient stress conditions. Therefore, it is likely that a two-phase system using closed 
reactors to generate contamination-free inoculum with a high biomass concentration 
for a second product-generating stage in open systems could be advantageous. 
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6.1 INTRODUCTION 

Microalgae have been identified as a potential alternative resource for biofuel 
production. Significant drawbacks to algaculture include dilute culture density and 
the small size of microalgae, which translates into the need to handle large volumes 
of culture during harvesting. This energy-intensive process is therefore considered 
a major challenge for the commercial-scale production of algal biofuels. Most of 
the currently used harvesting techniques have several drawbacks, such as high cost, 
flocculant toxicity, or nonfeasibility of scale-up, which impact the cost and quality of 
products. As harvesting cost may itself contribute up to one-third of the biomass pro- 
duction cost, substantial amounts of research and development initiatives are needed 
to develop a cost- and energy-effective process for the dewatering of algae. Several 
factors, such as algae species, ionic strength of culture media, recycling of filtrate, 
and final products, should be considered when selecting a suitable harvesting tech- 
nique. Harvesting cost and energy requirements must be reduced by a factor of at 
least 2 if algal biomass production is to be viable for very low-cost products such as 
biofuels. There could be considerable cost and energy savings in custom-designed, 
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multi-stage harvesting techniques for algae farms. In such systems, a variety of har- 
vesting technologies are arranged in a sequence based on culture chemistry, specific 
characteristics of each technique, and its energy requirements to dewater pond water 
to either 5% or 10-20% solids. 

Techniques and processes of microalgae cultivation, harvesting, and dewatering 
have been reviewed extensively in the literature (Lee et al., 1998; Spolaore et al., 2006; 
Khan et al., 2009; Harun et al., 2010; Uduman et al., 2010). Due to the very dilute 
culture (<1.0 g of solids L _1 ) and typically small size of microalgae with a diameter 
of 3 to 30 pm, large volumes must be handled to harvest algal biomass, which is an 
energy-intensive process. Therefore, harvesting microalgal biomass is considered a 
challenging issue for commercial-scale production of algal biofuels. Conventional 
processes used to harvest microalgae include concentration through centrifugation, 
foam fractionation, chemical flocculation, electro-flocculation, membrane filtra- 
tion, and ultrasonic separation. The resulting high cost of biofuel production is a 
major bottleneck to its commercial application. The cost of harvesting may itself 
contribute to approximately 20% to 30% of the total cost of algal biomass, and the 
above methods would be viable only if the biomass harvested is used for extract- 
ing high-value products such as nutraceuticals (Girma et al., 2003). Harvesting, in 
general, can be defined as a series of processes for removing water from the algal 
growth culture and increasing the solids content from <1.0% to a consistency of up to 
20% solids, depending on the downstream processing requirements for conversion to 
fuel. Thermal drying is generally discouraged (except when sufficient waste heat is 
available), because the amount of thermal energy needed to dry the algae would be a 
major fraction, if not all, of the energy content of the algal biomass. 

Industrial production of algal biofuel is still in its infancy and therefore uncer- 
tainty in all stages of production and unpredictability of economy has been highly 
debated. Some very optimistic estimates on algae biofuels propose that the cost of 
algal oil production must be reduced by 5 to 6 times, in addition to the tax and envi- 
ronmental subsidies, to make them competitive with petroleum fuels (Chisti, 2007). 
For economical production of algal biomass, the selection of harvesting technol- 
ogies is so crucial. Several factors, such as algal strain, ionic strength of culture 
media, recycling of filtrate, and final fate of harvested biomass, must be consid- 
ered when selecting the harvesting technique. For example, the filamentous alga 
Cladophora with very long thread-like filaments (several centimeters long) lends 
itself to relatively cost-effective harvesting using membrane filtration. In contrast, 
chemical flocculation is not recommended if the harvested biomass must be pro- 
cessed for nutraceutical and pharmaceutical products because of the residual con- 
tamination caused by the flocculants. In general, it is quite difficult to recommend 
a single technique as the best for harvesting and recovery without consideration 
of specific process conditions and downstream product use. Scientists all over the 
world have developed several techniques for harvesting and recovery processes that 
rely on facts to simplify this overall process. Judicious exploitation of the different 
harvesting technologies is therefore necessary to reduce the harvesting cost and 
energy requirements by the desired factor of 2 if algal biomass production is tar- 
geted for very low-cost products such as biofuel. Advances in different methods 
of algal harvesting and dewatering to resolve our energy crisis, along with energy 
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utilization by various techniques with respective constraints and drawbacks of each 
method, are discussed in this chapter. In addition, this chapter discusses the pros and 
cons of different algae harvesting techniques along with their energy requirements. 
The potential advantages of multi-stage hybrid harvesting systems involving more 
than one technique deployed in a specific sequence for efficient and energy-effective 
biomass recovery are discussed. 

6.2 HARVESTING PROCESSES 

The term harvesting refers to the concentration of dilute microalgal culture sus- 
pension to slurry or paste containing 5% to 25%, or more, total suspended solids 
(TSS). This slurry can be obtained in either a one-step or two-step harvesting pro- 
cess. Subsequent processing of the algal paste depends on the concentration of the 
algal paste. Increased product concentration decreases the cost of extraction and 
purification, as well as the effective unit cost of biomass. Concentration of algal 
paste significantly influences downstream processes, including drying. Microalgae 
are particles that have a colloidal character in suspension. Electric repulsive inter- 
action between algal cells and cell interaction with the surrounding water provide 
stability to the algal suspension. Algal cells are usually characterized as negatively 
charged surfaces where the intensity of charge is a function of the species, ionic 
strength, and pH of the cultivation media (Taylor et al., 1998). These surface charges 
are helpful in the growth culture because they assist in keeping the cells in the water 
column so that they do not settle to the bottom of the pond, particularly in regions of 
the pond where the water velocity is low. However, the charges pose a challenge to 
the dewatering process because they eliminate the option of using a simple settling 
tank (or pond) for harvesting. 

Harvesting and dewatering processes can be divided into two categories, namely 

(1) those in which the dewatering is performed directly on the algae culture, and 

(2) those involving agglomeration of the algae into macroscopic masses to facilitate 
the dewatering process. The former, which include centrifuges and membrane filters, 
avoid the complications and costs associated with the addition of coagulation and 
flocculation chemicals. Processes like flocculation, flotation and gravity sedimenta- 
tion have acceptable energy requirements but have a fairly wide range of costs asso- 
ciated with motors and controls. 

6.3 GRAVITY SEDIMENTATION 

The sedimentation rates of algae are influenced by the settling velocity of micro- 
algae, which can be increased by increasing cell dimensions (i.e., by aggregation 
of cells into large bodies) (Schenk et al., 2008). This principle is being applied to 
algal harvesting, wherein chemicals are added to enhance flocculation, causing the 
large algal floes to settle more readily to the bottom of the container. The floccula- 
tion of algal biomass is generally followed by gravity sedimentation for settling 
of algal floes, thus enhancing the efficiency of this process. Gravity sedimentation 
preceded by flocculation is one of the most commonly used techniques for first- 
stage (1% to 5% solids) algae biomass harvesting (Girma et al., 2003; Pittman 
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et al., 2011). However, the gravity settling rate for very small sized microalgae is 
too low for routine high rate algae harvesting, and holding algal biomass for a long 
time under dark and static conditions can result in significant biomass loss via 
respiration and bacterial decomposition. Moreover, during flocculation, floes may 
float due to adsorption of tiny air bubbles and do not settle by gravitational forces. 
The classical approach to gravity settling may therefore not be very efficient for 
rapid biomass recovery from high-rate algal ponds. The sedimentation rate can be 
increased by increasing the gravitational force via centrifugation. The latter has 
very high biomass recovery (>95%) and can be applied to a wide range of microal- 
gae, although it cannot be used for an algae farm producing an energy feedstock, 
owing to cost constraints. 

6.4 CENTRIFUGATION 

Centrifugation is similar to sedimentation, wherein gravitational force is replaced by 
centrifugal acceleration to enhance the concentration of solids. Particle size and den- 
sity difference are the key factors in centrifugal separation. Once separated, the algae 
concentrate can be obtained by simply draining the supernatant. Many research- 
ers have advocated this method for reliable recovery of microalgae (Mohn, 1980; 
Benemann and Oswald, 1996; Girma et al., 2003). Different types of centrifuges 
have been used, and their respective reliability and efficiency have been documented 
by several researchers. For example, Heasman et al. (2000) reported that 90% to 
100% harvesting efficiency can be achieved via centrifugation. Sim et al. (1988) 
compared centrifugation, chemical flocculation followed by dissolved air flotation 
(DAF), and membrane filtration processes for harvesting algae from pilot-scale 
ponds treating piggery wastewater, and they found that none of these processes were 
completely satisfactory. Centrifugation was reported to be very effective but too cost 
and energy intensive to be applied on a commercial scale. This kind of harvesting 
is usually recommended in the production of high-value metabolites or as a second- 
stage dewatering technique for concentrating algal slurries from 1% to 5% solids 
to >15% solids, as it does have some limitations. Undoubtedly, it is an efficient and 
reliable technique for microalgal recovery but one should also keep in mind its high 
operational cost. 

6.5 FILTRATION 

Filtration is the most competitive method compared to other harvesting tech- 
niques. It is most appropriately used for relatively large sized (>70 pm) algae such 
as filamentous species or agglomerates. Diatomaceous earth or cellulose can be 
used to increase filtration efficiency (Brennan and Owende, 2010). However, con- 
ventional filtration operated under pressure or suction is not suitable for smaller 
sized algae such as Chlorella, Dunaliella, and Scenedesmus. Membrane micro- 
filtration and ultrafiltration are alternative filtration methods. The disadvantage of 
these processes is their high cost due to the frequent replacement of membranes 
and pumping costs (Pittman et al., 2011). There are many different types of filtra- 
tion processes, such as dead-end filtration, microfiltration, ultrafiltration, pressure 
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filtration, vacuum filtration, and tangential flow filtration (TFF). Mohn (1980) stud- 
ied different pressure and vacuum filtration units for maximum dewatering of algae 
and warned against the use of these filters for harvesting Coelastrum probosci- 
deum as he did not find it appropriate. However, he demonstrated that filtration 
processes can achieve a concentration factor of 245 times the original concentra- 
tion for C. proboscideum to produce a slurry of 27% solids. Recent studies reveal 
that TFF and pressure filtration can be considered energy-efficient dewatering pro- 
cesses as they consume minimal amounts of energy considering the output and 
initial amounts of feedstock (Danquah et al., 2009). Simple filters can be used with 
centrifugation to achieve better results. Mohn (1980) and Danquah et al. (2009) 
have presented data on concentration factors and energy consumption of all filtra- 
tion units. Large-scale recovery of microalgae using this technique is not recom- 
mended due to continuous fouling and the subsequent need to replace membranes. 
Few researchers have tried polymer membrane for continuous recovery. However, 
the performance of these membranes depends on several factors, such as hydro- 
dynamic condition, concentration, and properties of microalgae. Although this 
method appears as an attractive dewatering method, the significant operating cost 
requirements cannot be overlooked. 

6.6 FLOTATION 

Floatation is a separation process based on the attachment of air bubbles to solid 
particles. The resulting floes float to the liquid surface and are harvested by skim- 
ming and filtration. The success of flotation depends on the nature of suspended 
particles (microalgal cells in harvesting process). Air bubbles drift up the smaller 
particles (<500 pm) more easily (Matis et al., 1993). Also, the lower instability of 
suspended particles results in relatively higher air-particle contact. The attachment 
of air bubbles also depends on the air, solid, and aqueous phase contact angle. The 
larger the contact angle, the greater the tendency of air to adhere (Shelef et al., 1984). 
Dissolved air flotation (DAF), electrolytic flotation, and dispersed air flotation are 
the commonly used flotation techniques according to the method of bubble pro- 
duction. Dissolved air flotation is the most widely used method for the treatment 
of industrial effluent. Van Vuuren et al. (1965) performed a study on flotation and 
reported that flocculation requires several hours of sedimentation, while flotation 
shortens the duration to only a few minutes. The DAF procedure by chemical floc- 
culation is reported to recover up to 6% (w/v) algal biomass slurries from algae cul- 
ture (Bare et al., 1975). Although flotation has been used by several researchers as 
a potential harvesting method, there is only limited evidence of its technical and 
economic viability. 

6.7 FLOCCULATION 

Flocculation is used to separate microalgal cells from broth by the addition of one 
or more chemicals. Microalgal cell walls carry a negative charge that prevents self- 
aggregation within the suspension. This negative charge is countered by the addition 
of polyvalent ions called flocculants. These can be cationic, anionic, or nonionic, 
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and they flocculate the cells without affecting their composition and/or being toxic. 
These flocculants have been classified into two groups, namely (1) inorganic agents, 
including polyvalent metal ions such as Al 3+ and Fe +3 that form polyhydroxy com- 
plexes at suitable pH; and (2) polymeric flocculants, including ionic, nonionic, natural, 
and synthetic polymers. Among the former group, aluminum sulfate, ferric chloride, 
and ferrous sulfate are commonly used multivalent flocculants whose efficiency is 
directly proportional to the ionic charge. Fe 3+ has been reported to be 80% effi- 
cient in harvesting different types of algae (Knuckey et al., 2006). The mechanism 
of polymer flocculation involves ionic interaction between polyelectrolyte and algal 
cells, resulting in the bridging of algae and formation of floes. The extent of aggrega- 
tion depends on the charge, molecular weight, and concentration of polymers. It has 
been observed that binding capability increases with an increase in molecular weight 
and charge on the polymer. Algal properties such as the pH of broth, concentration of 
biomass, and its charge are equally important to consider when selecting a polymer. 
Tenney et al. (1969) found effective flocculation in Chlorella when using a cationic 
polyelectrolyte, whereas an anionic polyelectrolyte failed to do so. Divakaran and 
Pillai (2002) successfully used chitosan as a bioflocculant for Spirulina, Oscillatoria, 
Chlorella, and Synechocystis spp. The efficiency of the method is affected by media 
pH, and best results were recorded at pH 7.0 for freshwater and a lower pH for marine 
species. Organic flocculants are reported to be beneficial in terms of their lower 
sensitivity to media pH, low dosage requirements, and wider range of applications. 
Heasman et al. (2000) also studied chitosan as a flocculant for Tetraselmis chui, 
Thalassiosira pseudonana, and Isochrysis sp., and they found that only 40 mg L _1 of 
chemical was needed for complete aggregation, whereas 150 mg L was needed for 
Chaetoceros muelleri. Microbial flocculants (AM49) were also studied by Oh et al. 
(2001) for the harvesting of Chlorella vulgaris. This flocculant was found to be bet- 
ter than other commonly used flocculants. Recovery of more than 83% solids when 
operating in the pH range 5 to 11 was recorded; this is higher than that when using 
aluminum sulfate (72%) or the cationic polymer polyacrylamide (78%). 

Algae also have the property of auto-flocculation when supplemental C0 2 supply 
is removed. Disruption of the CO, supply during photosynthesis increases the pH, 
which results in the precipitation of magnesium, calcium, phosphate, and carbonate 
salts along with algal cells. The positively charged ions interact with the negatively 
charged algal surfaces and bind them, resulting in auto-flocculation. Sukenik and 
Shelef (1984) conducted a study on auto-flocculation in pond and laboratory-scale 
experiments, and reported some very promising results. The unavailability of condu- 
cive conditions — especially light and CO, — can, however, limit this process. 

6.8 ELECTROLYTIC COAGULATION 

The electrolytic coagulation (EC) process has recently been adapted by wastewater 
treatment plants for final polishing and removal of algae from partly treated waste- 
water. Active polyvalent metal anodes (usually iron or aluminum) are used to gener- 
ate ionic flocculants such as Al 3+ and Fe 3+ ions. The latter agglomerate algae to form 
floes due to the net negative charge and colloidal behavior of algal cells (Gao et al., 
2010). The entire coagulation process involves the formation of coagulants 
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by dissolution of the reactive anode, destabilization of colloidal suspensions, and 
aggregation of destabilized suspensions, resulting in the formation of algal floes. 
The EC process is a more efficient chemical flocculation technique compared to 
conventional processes of direct interaction of the aluminum sulfate with algal 
suspensions (Aragon et al., 1992). The flocculated biomass is removed from water, 
either by sedimentation or flotation and skimming. For the latter to be effective, 
inactive metal cathodes are used to generate micro-gas (mainly hydrogen) bubbles 
that get entrapped in algae floes and float them to the surface. Complete biomass 
removal from algal cultures having cell densities of 0.55 x 10 9 to 1.55 x 10 9 cells 
mL _1 has been reported using this process (Gao et al., 2010). However, the process 
may not be very effective for very dilute algal solutions because at low concentra- 
tions of total suspended solids (representing algal cells), the amount of colloids pres- 
ent in the culture solution may not be sufficient for significant amounts of settleable 
solids (Azarian et al., 2007). 

6.9 ENERGY EFFICIENCIES OF HARVESTING PROCESSES 

In terms of energy inputs, harvesting of algal biomass is the most energy-intensive 
process in biomass production. To date, there has been no specific commercial- 
scale algal harvesting technique that has been developed, and the approach has been 
to adapt separation technologies already in use in wastewater treatment and food 
processing industries. Therefore, the energy consumption and energy efficiency 
information available from those industries are discussed in this chapter to compare 
the energy efficiency of different algal harvesting techniques. The highest possible 
solids recovery (as %(w/v) total suspended solids (TSS)) and energy requirements for 
each of the harvesting processes are given in Table 6.1. 



TABLE 6.1 

Summary of Energy Usage and Highest Possible Solids (%w/v) Yields of 
Different Algae Harvesting Techniques 





Highest Yield 


Energy Usage 




Harvesting Process 


(% solids) 


(kW-hirr 3 ) 


Ref. 


Centrifugation 


22.0 


8.00 


Girma et al., 2003 


Gravity sedimentation 


1.5 


0.1 


Shelef et al.. 1984 


Filtration (natural) 


6.0 


0.4 


Semerjian et al., 2003 


Filtration (pressurized) 


27.0 


0.88 


Semerjian et al., 2003 


Tangential flow filtration 


8.9 


2.06 


Danquah et al., 2009 


Vacuum filtration 


18 


5.9 


Girma et al., 2003 


Polymer flocculation 


15.0 


14.81 


Danquah et al., 2009 


Electro-coagulation 


NA 


1.5 


Bekta§ et al., 2004 


Electro-flotation 


5.0 


5.0 


Shelef et al.. 1984; 








Azarian et al., 2007 


Electro-flocculation 


NA 


0.331 


Edzwald, 1995 
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Gravity sedimentation is relatively less energy intensive as fewer motors, 
pumps, and settling tanks are needed for its operation, thus resulting in low capital 
and operational cost and high expected life span. However, for a commercial-scale 
(>4 hectares) algae cultivation process and considering the slow sedimentation rates 
of algae, multiple tanks of large volumes (-100,000 L each) may be required. 

Centrifugation is a very efficient technique, but the large energy requirement for 
the process clearly eliminates it as an option for harvesting a low-value energy crop. 
Therefore, this process can be ruled out for harvesting algae biomass for biofuel 
production, at least for first-stage dewatering (increasing solids content from algae 
culture on the order of 1%), on both cost and energy grounds. 

Membrane filtration would be the next most efficient harvesting option; however, 
field experience on algae farms would be required to verify the lifetime and mainte- 
nance costs of the filter elements. Membrane filtration may be a competitive option 
if the back-flush function could be carried out with air knives in place of water jets, 
in order to achieve the desired consistency of 1% to 5% solids. Dissolved air flotation 
would be the expensive option in terms of cost and energy burden. 

Of the flocculation-based processes, polymer flocculation is not only the most 
efficient, but also the most energy-intensive technique for dewatering. On the other 
hand, electro-flocculation techniques are cost-effective with low energy burden, but 
these techniques are still in their infancy and large-scale field testing is required 
to verify the overall process efficiency. Auto-flocculation is the lowest cost, low- 
est energy dewatering process by far, at one-tenth those of membrane filtration and 
polymer-based dewatering. Moreover, the chemicals required are pond nutrients, 
which can be recovered from the biomass for re-use either via anaerobic digestion, as 
would be the nitrogen, phosphorous, and potassium nutrients, or via an inexpensive 
carbonic acid extraction process if necessary, thereby avoiding the production-scale 
limitations imposed by synthetic polymer flocculants. As with the growth ponds 
and the anaerobic digesters, auto-flocculation employs managed natural processes to 
achieve its ends, at considerable savings in cost and energy. 

Although the data presented in Table 6.1 appear straightforward and it would 
be easy for anyone to compare the harvesting and energy efficiencies of various 
processes, there are a variety of fundamental operational issues associated with 
each process. Therefore, it is important to carefully analyze several parameters, 
such as cell morphology, ionic strength of the media, pH, culture density, and final 
downstream processing of harvested biomass, when selecting a suitable harvesting 
technique. For example, very small sized algae could hinder the harvesting effi- 
ciency and would have a negative impact on the economics of biomass production 
if subjected to gravity sedimentation and filtration. However, if such algae could 
be made to float via the DAF (dissolved air flotation) flocculation process, this 
may facilitate harvesting. Furthermore, downstream processing of the harvested 
biomass to get final products will also be an important factor in selecting the har- 
vesting process. If the biomass will be subjected to anaerobic digestion (AD) for 
biogas production, a solids content up to 5% (w/v) would suffice; whereas, if lipid 
extraction followed by biodiesel production is the goal, the biomass needs to be 
dewatered to lower moisture contents. There is considerable interest in efficient but 
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less energy-intensive harvesting technologies to make microalgae cultivation cost 
effective and competitive for renewable bioenergy production. Thus far, no single 
harvesting technique can be universally applied to algae cultivation systems, and 
a combination of different techniques could be applied in a specific sequence to 
achieve maximum biomass concentration with minimum energy usage. Moreover, 
there could be considerable costs and energy savings in custom-designed, multi- 
stage harvesting techniques for algal farms, in which a variety of harvesting 
techniques are arranged in a specific sequence based on culture chemistry, and the 
specific characteristics of each technique and its energy requirements. Such systems 
can achieve dewatering of pond water to either 5%, or 10% to 20% solids at the least 
energy input and cost. In an open pond system, dominant algal species could range 
from small unicellular to large colonial or filamentous species. In such cases, TFF 
and other filtration techniques could be used as the first stage to remove filamentous 
and auto-flocculated algae, followed by chemical flocculation, sedimentation, and/ 
or flotation to produce algal slurries with 1% to 5% solids, which could be either 
directly subject to the AD process if biogas is the final biofuel or subject to cen- 
trifugation to achieve >20% solids. Centrifuging 5% algal slurry would reduce the 
energy and cost requirements for this technique by 100 times, as opposed to direct 
centrifugation of otherwise very dilute algae culture (-0.05% solids). Similarly, the 
pond water temperature, alkalinity, and pH may also vary during different climatic 
conditions throughout the year and even during different times of the day, thus 
impacting the ionic strength, salts solubility, and eventually the biomass auto- 
flocculation properties. Auto-flocculation could be the lowest-cost, lowest-energy 
dewatering process by far, at one tenth those of membrane filtration and polymer- 
based dewatering. 

6.10 CONCLUSION 

There are several biomass harvesting techniques available for the recovery of algae 
from culture broth. However, no individual technique can be applied ubiquitously 
due to technical and economical limitations. Gravity sedimentation is relatively less 
energy intensive but the slow sedimentation rates of algae may negatively impact 
production economics. Centrifugation is very efficient, but the large energy require- 
ments for the centrifuge clearly eliminate it as an option for direct harvesting of a 
low-value energy crop. However, if used as a second-stage process for harvesting 
5% algal slurries to higher solids concentrations, this could significantly reduce the 
energy and cost requirements. Membrane filtration is an efficient harvesting option; 
however, field experience on algae farms would be required to verify the lifetime and 
maintenance costs of filter elements. Dissolved air flotation would be an expensive 
option in terms of cost and energy. Polymer flocculation is also efficient but energy 
intensive for dewatering, while electro-flocculation is cost effective with low energy 
usage. Auto-flocculation is the lowest cost, lowest energy dewatering process by far. 
It is recommended to apply custom-designed multi-stage harvesting techniques for 
algal harvesting in which a variety of harvesting technologies are organized in some 
sequence to achieve the highest efficiency and lowest cost. 
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7.1 LIPID QUANTIFICATION 

Due to their high oil content, microalgae have attracted substantial research atten- 
tion for biodiesel production and furthermore, algae have the capability to replace 
conventional biodiesel feedstocks. Algal strains collected from diverse aquatic 
environments require the evaluation of various important parameters such as oil 
content, lipid composition, growth rate, and metabolic efficiency under different 
conditions. One can decide whether the selected algal strain is suitable/unsuitable 
for biodiesel production based on the preliminary lipid analysis (both lipid yield and 
lipid composition). 

Microalgal strains have the potential to produce up to 50% lipid by dry cell weight, 
depending on the species and specific growth conditions (Chisti, 2007). The neutral 
lipids present in microalgae are primarily in the form of triacylglycerols (TAGs). 
TAGs can be converted to fatty acid methyl esters (FAMEs) via transesterification. 
Recovery of the accumulated algae lipids from algae paste is generally carried out 
after rupturing the cells to free the lipids. Different cell disruption techniques are 
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used to rupture the algae cells, including autoclaving, microwave, sonication, osmotic 
shock, and bead beating. Lee et al. (2010) evaluated five different cell disruption 
techniques for enhancing lipid extraction efficiency. They reported that the micro- 
wave oven method is an efficient method for extracting lipids from microalgae. 
Because of its simplicity and cost effectiveness, solvent extraction is widely used by 
researchers (Letellier and Budzinski, 1999). For laboratory-scale studies, lipid con- 
tent and composition can be determined using well-established techniques. The most 
commonly used method for lipid extraction is the Bligh and Dyer method, or some 
variation thereof. Methods for simultaneous extraction and transesterification of 
algal biomass to extract the algal lipids are also available (Belarbi et al., 2000; Lewis 
et al., 2000). 



7.2 LIPID PROFILES 

7.2.1 Identification of Algae Lipid Profiles 

The steps involved in the upstream process for algal oil-based biodiesel production 
include strain identification, optimization for higher lipid yield, and mass produc- 
tion. For quantifying the lipids available in microalgae, any one of the following 
chromatography techniques may be followed: high-pressure liquid chromatogra- 
phy (HPLC), gas chromatography (GC), or chromatography-mass spectrometry 
(LC/GC-MS). Usually, GC is employed for analyzing the algae lipid profiles after 
conversion to FAMEs. GC-FID (flame ionization detection) or GC-MS may be used 
for the identification of fatty acid profiles of algae lipids. In case of GC-FID, the 
retention time for the individual components of FAMEs is compared to known stan- 
dards (Mansour, 2005; Lin et al., 2007; Paik et al., 2009). The lipid profile of algal 
oils can be analyzed via GC-FID using the ASTM D6584 and EN 14105 standard 
methods. The methylated lipid/FAMEs of algae may contain traces of contaminants 
such as chlorophylls, catalyst, or water, and samples injected in GC must be free 
from these contaminants to prevent GC column damage. 

7.2.2 Suitability of Algae Lipid for Biodiesel Production 

In general, algal oils contain a higher degree of polyunsaturated fatty acids (PUFA) 
(i.e., more than four double bonds) than vegetable oil (Belarbi et al., 2000; Harwood 
and Guschina, 2009) and higher free fatty acid content (>2%). ASTM D6751 (United 
States) and EN 14214 (European Union) provide the specifications for pure biodiesel 
(B 100 , Table 7.1) and are used in many parts of world for comparing the fuel proper- 
ties of biodiesel. The biodiesel standards developed in many countries are based on 
the availability of region-specific biodiesel feedstocks. The specifications developed 
for ensuring biodiesel fuel quality are frequently subjected to modifications, and 
biodiesel-producing countries are required to update their specifications according 
to changes in ASTM- or EN-based biodiesel standards. 

The lipid composition of algal oil is different from plant oils/animal fats, and 
it varies with species and growing conditions (Mutanda et al., 2011). Major fuel 
and chemical properties considered for the selection of an alternate diesel fuel are 
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TABLE 7.1 

Biodiesel (B 100 ) Standards Used in the United States (ASTM D6751) and 
Europe Union (EN 14214) 

Biodiesel Standards 



Parameters 


EN Method 


Values 


ASTM Method 


Values 


Density, 15°C 


EN 3675, 


860-900 kg nr 3 


- 


- 




EN 12185 








Kinematic viscosity. 


EN 3 104/3 105 


3. 5-5.0 mm 2 s -1 


ASTM D445 


1. 9-6.0 mm 2 s' 


40°C 










Flash point 


EN 3679 


120°C (min.) 


ASTM D93 


93°C (min.) 


Sulfur content 


EN 20846 


10 ppm 


ASTM D5453 


15 ppm 


Carbon residue 


EN 10370 


0.30% (mol mol -1 ) 


ASTM D4530 


0.050% mass 






(max.) 




(max.) 


Cetane number 


EN 5165 


51 (min.) 


ASTM D6 13 


47 (min.) 


Copper strip corrosion 


EN 2160 


No. 1 


ASTM D130 


No. 3 (max.) 


Phosphorous content 


EN 14107 


10.0 mg kg -1 


ASTMD4951 


0.001% mass 






(max.) 




(max.) 


Oxidation stability 


EN 14112 


6.0 h (min.) 


EN 14112 


3.0 h (min.) 


Acid value 


EN 14104 


0.50 mg KOH g -1 


ASTM D664 


0.50 mg KOH 






(max.) 




g- 1 (max.) 


Free glycerol 


EN 14105, 


0.020% (mol mol -1 ) 


ASTM D6584 


0.020% mass 




EN 14106 


(max.) 






Total glycerol 


EN 14105 


0.25% (mol mol -1 ) 


ASTM D6584 


0.24% mass 



(max.) 



kinematic viscosity (KV), higher heating value (HHV), Cetane Number (CN), den- 
sity, flashpoint, cold flow properties (cloud and pour points), carbon residue, oxi- 
dation stability, ash content, ignition quality, acid value (AV), saponification value 
(SV), and iodine value (IV). These properties can be compared with well-established 
international fuel standards for ensuring fuel quality for diesel engine applications. 
Properties such as SV, IV, and CN are considered more important for assessing 
alternate diesel fuels because they give basic information about the ignition quality 
of fuel, the presence of unsaturated fatty acids (UFAs), and the ignition properties of 
FAMEs, respectively. The higher iodine values of algal oil indicate the presence of 
higher UFAs, and heating these UFAs may be lead to the formation of deposits due 
to the polymerization of glycerides at high temperatures (Mittelbach, 1996; Ramos 
et al., 2009). The algal oils/FAMEs containing higher degrees of unsaturation are not 
recommended for biodiesel. The values of the SV, IV, and CN can be easily calcu- 
lated from the lipid profiles of algal oil using equations developed by Krisnangkura 
(1986) and Kalayasiri et al. (1996). 

Based on the lipid profiles of identified strains/species grown on a laboratory 
scale, they can be easily screened for suitability in biofuel production. Based on cor- 
relations developed between fatty acid compositions and the fuel properties of oils, 
the fuel quality of biodiesel derived from selected algal oils can be predicted through 
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the lipid composition. Hence, it is necessary to determine the fatty acid profiles of 
extracted algal lipids for suitability in biodiesel production and assess the fuel qual- 
ity. It is essential for biodiesel derived from microalgal oil to meet ASTM (2008) or 
EN (2003) biodiesel standards for ensuring fuel quality. 

7.3 OIL EXTRACTION 

The mass production of microalgae can be achieved through raceway ponds or pho- 
tobioreactors. The feasibility of biodiesel production from algae is totally depen- 
dent on the technologies used in the downstream processing of algae. Downstream 
processing of algae involves dewatering, drying, oil extraction, biofuel production, 
and by-product utilization. Dewatering of algae is an energy-consuming process 
that requires a high capital investment for equipment. There is a greater possibility 
of quick spoilage of the harvested biomass slurry (5% to 15% dry solids) under hot 
climatic conditions due to its high moisture content (Brennan and Owende, 2010). 
The harvested slurry must be dewatered and dried quickly after harvesting. Drying 
is an important process in the downstream process that enhances biomass shelf 
life and lipid recovery efficiency. The process employed for oil extraction from 
dried algae is similar to that of oil extraction from oil seeds. In order to achieve 
economically viable algal oil-based biodiesel production, the technical feasibility 
must be thoroughly studied; that is, downstream technologies/processes must be 
optimized. 

The oil content of dried algal biomass varies from 20% to 50% oil by weight and 
can be increased by optimizing growth parameters (Hu et al., 2008). Before com- 
mencing oil extraction from microalgae, it must be dewatered and dried to remove 
the moisture. The present oil extraction techniques applicable for wet/dry algae bio- 
mass have limitations due to technical barriers, difficulty in scaling-up, high cost 
investment, and extraction efficiency (Cooney et al., 2009). The choice of oil extrac- 
tion technology depends on the moisture content, quantity to be treated, quality of 
the end-product, extraction efficiency, safety aspects, and cost economics. The main 
outputs from the oil extraction process are oil and oil cake. The extracted oil can 
be used for biodiesel production with/without pretreatment, depending on the qual- 
ity of the oil. The actions involved in the oil extraction process are (1) breaking the 
algae cell walls, (2) freeing the oil, and (3) separating out the oil and oil cake. The 
most common methods used for the oil extracted from algae biomass are mechanical 
press, solvent extraction, and supercritical fluid extraction. The methods employed 
for oil extraction from microalgae are depicted in Figure 7.1. 

7.3.1 Mechanical Extraction 

In the case of mechanical extraction, the feedstock (oil seed or algae biomass) is 
subjected to high pressure for rupture and release of the oil. The added advantages 
of mechanical extractions are that (1) no chemicals are used for extraction, (2) the 
process is free of chemicals in the products, and (3) the product is safe for storage. 
The major drawbacks of mechanical extraction are an inadequacy in complete lipid 
recovery from the feedstock, and the high energy inputs. 
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FIGURE 7.1 Classification of oil extraction methods used for dried algae biomass. 

7.3.1.1 Oil Expeller 

The first successful, continuously operating mechanical expeller was invented and 
patented by Anderson in the year 1900. An oil expeller is also called a screw press. 
The screw press is well suited for feedstocks having more than 30% oil content. The 
working principle of this machine is introducing pressure for crushing and break- 
ing the cells, followed by squeezing out the algal oil. An oil press is the simplest 
method used for oil extraction from algae biomass (Popoola and Yangomodou, 
2006; Demirbas, 2009). The oil cake obtained from a screw press may contain some 
amount of residual oil (4% to 5% by weight). The oil extraction efficiency improves 
with applied pressure in a particular range, but too much pressure leads to less lipid 
recovery, more heat generation, and choking problems. Increased heat produced due 
to excessive pressure applied inside the screw press leads to darkening of the oil 
and a low-quality oil cake. The major drawbacks of this method are the high energy 
consumption, high maintenance cost with low capacities, labor intensiveness, long 
extraction time and less efficiency than other methods. 

7.3.2 Chemical Extraction 

7.3. 2.1 Solvent Extraction 

The process of extracting oil from oil-containing materials using a suitable solvent is 
called solvent extraction. It is well suited for lipid recovery from materials with low 
oil content, and it produces oil cake with low residual oil content (<1% by weight) 
(Erickson et al., 1984; Hamm and Hamilton, 2000). Algae cell walls are made of 
multiple layers and they are more recalcitrant than those of other microorganisms 
(Sander and Murthy, 2009). Some species having an additional trilaminar sheath 
(TLS) containing an algaenan component are resistant to degradation (Allard et al., 
2002; Versteegh and Blokker, 2004). 
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The solvent extraction process occurs when a solvent comes into contact with 
microalgae to release lipids, solvate the lipids in solvent, and separate the oil from 
miscella by distillation of the solvent. The drawbacks of solvent-based oil extraction 
are that (1) the solvent is highly inflammable, (2) the energy requirements are high, 
and (3) the process requires high capital investments. 

A solvent extraction plant consists of extractors, desolventizers, evaporators, strip- 
ping towers, and condensers in the extractor. Solvent is sprayed over the oil-bearing 
materials and solvent penetrates the biomass, targeting the soluble compounds. The 
mixture of algae lipid dissolved in the solvent is called a miscella and is sent to col- 
lection tanks. The algal oil is separated from the solvent using evaporators and strip- 
ping towers. The oil coming out of these units is first cooled, and then filtered and 
sent to storage tanks. The oil cake coming out of the extractor unit may contain some 
residual amounts of solvent. The residual solvent present in the oil cake is removed in 
the desolventizer unit, and recovered solvent can be reused in the extractor. 

The various organic chemical solvents employed for oil extraction include ben- 
zene, hexane, cyclohexane, acetone, chloroform, ethanol (96%), and hexane-ethanol 
(96%) combinations. It is possible to extract up to 98% quantitative of purified fatty 
acids (Richmond, 2004). Among these solvents, hexane is most commonly used in 
the food industry. Hexane meets many of the requirements of an ideal oil solvent 
(Johnson and Lusas, 1983) due to it having a high extraction efficiency, a low viscos- 
ity, and a low boiling point, and being a nonpolar solvent, is easily miscible with oil 
and inexpensive. 

7.3. 2. 2 Supercritical Fluid Extraction (SFE) 

When a fluid is subjected to temperatures and pressures above its critical temperature 
and pressure, it becomes a supercritical fluid. Supercritical fluid extraction (SFE) is 
the process of extracting oil from oil-containing materials using a supercritical fluid 
as the extraction solvent. The advantage of supercritical fluids used in oil extraction 
is their increased solvating power (Mercer and Armenta, 2011). Factors to consider 
when selecting an SFE solvent include that the solvent is nonflammable, nontoxic, 
has low critical parameters, good solvating properties, is easily separated from prod- 
uct, and is environmentally friendly and inexpensive. The added advantages of SFE 
over conventional solvent extraction are that it provides simple and flexible process 
control of temperature, shorter extraction times, low cost, and solvent-free product. 
The SFE consists of an SFE solvent tank, solvent and feed pumps, a high-pressure 
pump, extraction vessels, and restrictor and absorbent vessels. Carbon dioxide (C0 2 ) 
is widely used as a solvent in SFE due to its moderate critical temperature (31.1°C) 
and pressure (72.9 atm) (Cooney et al., 2009). In this method, C0 2 is used as the 
extracting solvent when it is in a supercritical state (i.e., it has both gas and liquid 
properties). The supercritical state of C0 2 can be achieved by liquefying C0 2 under 
higher pressure and heating to a particular temperature. The important operating 
parameters considered for optimizing the extraction efficiency of this method are 
operating temperature and pressure, quantity of C0 2 supplied, feed particle size, 
and residence time. Dried algae paste must be used for supercritical extraction; this 
helps in increasing the contact time between the SFE solvent and the algae paste. 
C0 2 acts as a gas in air at ambient temperature, and can be removed after the 
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TABLE 7.2 

Comparison of different oil extraction methods 



s. 




Mechanical 


Solvent 


Supercritical 

Fluid 




No. 


Parameters 


Pressing 


Extraction 


Extraction 


Ref. 


1 


Algae form 


Dry 


Dry 


Dry 


Sahena, 2009; Singh and Sai, 
2011; de Boer et al., 2012 


2 


Pretreatment 
to algae 
biomass for 
cell rupture 


Required to 
improve 
lipid 

extraction 

efficiency 


Required to 
improve 
lipid 

extraction 

efficiency 


Not required 


Cooney et al., 2009; Sahena 
et al., 2009; Mercer and 
Armenta, 201 1; de Boer 
et al., 2012 


3 


Solvent used 


No solvent 


Hexane 


Supercritical 

CO, 


Popoola and Yangomodou, 
2006; 

Cooney et al., 2009; 
Demirbas, 2009 


4 


Working fluid 


Not 

applicable 


Toxic 


Nontoxic 


Mercer and Armenta, 2011 


5 


Oil recovery 
(%) 


70-75 


96 


100 


Demirbas, 2009; 

Popoola and Yangomodou, 
2006; Demirbas and 
Demirbas, 2010 


6 


Purity of oil 


NA 


Both polar 
and 

nonpolar 
and colors 


Only 
nonpolar 
and colors 


Cooney et al., 2009; Mercer 
and Armenta, 2011 


7 


Energy 

consumption 


Low 


High 


High 


Macias-Sanchez et al., 2005; 
Cooney et al., 2009; Mercer 
and Armenta, 201 1 ; de Boer 
et al, 2012 




Capital 

investment 


Low 


High 


High 


Mercer and Armenta, 2011 


8 


Recycling 

unit 


Nil 


Necessary 
for reuse 


Necessary 
for reuse 


— 


9 


Scaling up 


Possible 


Possible 


Difficult at 
this time 


Pawliszyn, 1993; 
Macias-Sanchez et al., 2005; 
Mercer and Armenta, 2011 



extraction and reused again for further extractions. A comparison of three different 
oil extraction methods used for lipid recovery is provided in Table 7.2. 

7.4 CONCLUSION 

Microalgae are becoming more attractive feedstocks for biodiesel production 
as higher oil-yielding algae have the potential to replace conventional biodiesel 
feedstocks. The viability of microalgae oil-based biodiesel production primarily 



96 



Biotechnological Applications of Microalgae 



depends on the identification of appropriate higher lipid producing algal strains. From 
preliminary studies on lipid analysis for identifying algae, important fuel properties 
of the algal oil can be predicted and compared with biodiesel standards. The simplest 
method of assessing the fuel quality of biodiesel is predicting its fuel properties based 
on the fatty acid composition of algal oil, thereby allowing us to ascertain the suit- 
ability of selected algae strains for biodiesel production. The economical/technical 
viability of microalgal oil-based biodiesel production depends on implementation of 
the suitable technologies used in the downstream processing of microalgae. 
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8.1 INTRODUCTION 

Microalgae have emerged as a potential feedstock for the production of biodiesel. The 
steps involved in the production of bio-oil and biodiesel from microalgae include cul- 
tivation, harvesting, dewatering and concentrating microalgae, extraction of oil/lip- 
ids from the microalgae, and separation of triglycerides and free fatty acids from the 
crude lipids (for the synthesis of biodiesel). The final step consists of pyrolysis or ther- 
mochemical catalytic liquefaction for the production of bio-oil and esterification or 
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transesterification for the synthesis of biodiesel. The species of microalgae employed 
for the production of biofuel include Chlorella vulgaris, Chlorella sorokiniana, 
Sargassum patens C., and Spirulina. The method of biodiesel production from algal 
biomass can be done either by direct transesterification or in two steps involving 
the extraction of oil from algae followed by transesterification. Economic in situ 
transesterification of the microalgae has been adopted that involves combining the 
two steps of lipid extraction and transesterification into a single step. Direct trans- 
esterification of the microalgae after cell disruption by sonication resulted in a high 
conversion of biodiesel (97.25%). The fuel properties of the biodiesel synthesized 
from the microalgal oil derived from Chlorella protothecoides showed high fuel 
quality with a cold biter plugging point of -13°C. A high composition of unsaturated 
fatty acid methyl ester content in the microalgal oil methyl esters (MOME) (i.e., 
90.7 wt%) led to a low oxidation stability of the fuel (4.5 h). The chemical treatment, 
pyrolysis, or thermochemical catalytic liquefaction of microalgal oil for the synthe- 
sis of bio-oil eliminates the dewatering and drying steps. The major constituents of 
bio-oil obtained from brown microalgae Sargassum patens C. Agardh by hydrother- 
mal liquefaction consist of carbon (64.64%), followed by oxygen (22.04%), hydrogen 
(7.35%), nitrogen (2.45%), and sulfur (0.67%). 

The alga belongs to the third-generation feedstock for the synthesis of a renewable 
fuel, biodiesel, or bio-oil. The brst generation of feedstock was the crop species, and 
second-generation feedstock consisted of grasses and trees, which principally consisted 
of lignocellulosic biomass. With the limited availability of crop species, the focus of 
recent research has been on second- and third-generation feedstocks (Stephenson et al., 
2011). Second-generation feedstocks have certain constraints that involve breaking the 
complex structure of lignin and converting the crystalline cellulose to amorphous 
cellulose. The process involved in second-generation biofuels makes it quite energy 
intensive. Hence, the focus of the research to a large extent in recent years has been on 
third-generation feedstocks, that is, microalgae (Lam and Lee, 2012). The conversion 
of microalgal lipids into biodiesel is a holistic approach that begins with the identibca- 
tion of an appropriate microalgal species that has a high potential to accumulate oil 
within the cells. The oil consists of crude lipids and neutral lipids. Neutral lipids con- 
sist of triglycerides, free fatty acids, hydrocarbons, sterols, wax and sterol esters, and 
free alcohols. Among these, only triglycerides and free fatty acids are saponibable, and 
hence can be converted to biodiesel by esteribcation or transesteribcation. Crude lipids 
consist of neutral lipids along with pigments (Sharma et al., 2011). The triglycerides 
and free fatty acids are the part of microalgal lipids that can be converted to biodiesel 
or bio-oil. The microalgal biomass can be used for the production of biofuel, either by 
pyrolysis or through direct combustion or thermochemical liquefaction in which bio- 
oil is produced. Alternatively, the lipid can be derived from microalgal biomass and 
converted to biodiesel via transesteribcation (Kao et al., 2012). 

In general, microorganisms that accumulate more than 20% to 25% of their weight 
as lipid are called oleaginous species (Kang et al., 2011). As these oleaginous micro- 
organisms can accumulate a large amount of oil within their cells, they can be very 
good feedstocks from which to extract oil and lipids that can be converted to biofuel 
(bio-oil or biodiesel). In some of the algae, the lipid content may be as high as 75% 
of their dry biomass. Most species of algae produce triglycerides (that can be utilized 
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for biofuel production) and alkanes. A few algal species may also contain long-chain 
hydrocarbons that are formed via the terpenoid pathway (Sivakumar et al, 2012). 
Hence, the characterization of the algae is prerequisite to assessing the potential of 
the microalgae extract to be converted to biofuel. Once the triglyceride content in 
the microalgal species is determined, depending on their feasibility, the microalgae 
extract can be utilized for its conversion to either bio-oil or biodiesel. This chapter 
deals with the conversion of microalgal lipids into biodiesel or bio-oil, taking into 
account the following aspects: esterification/transesterification, and chemical method. 

8.2 ESTERIFICATION/TRANSESTERIFICATION 

Batan et al. (2010) reported that the net energy ratio of biodiesel produced from 
microalgae ( Nannochloropsis species) was found to be 0.93 MJ (MJ = megajoule) 
of energy needed to produce 1 MJ of energy. The major advantage of using 
microalgae-derived biodiesel is the reduction in C0 2 equivalent emissions amounting 
to 75 g MJ -1 of energy produced. Liu et al. (2012) also report that biodiesel from 
algae has a positive energy impact and estimate 1.4 MJ of energy production per 
megajoule consumption of energy. In addition, there will be reduction of 0.19 kg 
CCL-equivalents per kilometer of travel by transport. 

Johnson and Wen (2009) adopted two methods for the production of biodiesel 
from a heterotrophic microalga, Schizochytrium limacinum. The first method 
adopted was direct transesterification of algal biomass using wet and dry biomass 
separately. The second method consisted of two steps involving extraction of oil 
from algae, followed by transesterification of wet and dry biomass. When the direct 
transesterification method was used, the yield of biodiesel obtained was greater than 
66% for wet as well as dry biomass. However, the fatty acid methyl ester (FAME) 
content in the wet biomass was found to be very low (7.76%) in comparison with that 
from dry biomass (63.47%). A 57% crude biodiesel yield was obtained through the 
two-step method with a FAME content of 66.37%. Using the wet biomass, the FAME 
content of biodiesel was 52.66%. The one-stage direct transesterification method 
used various solvents (e.g., chloroform, hexane, and petroleum ether) to treat the algal 
biomass. However, a comparatively higher content of FAME was observed when only 
chloroform was used as the solvent. It has been found that direct transesterification 
is preferable instead of the conventional steps involved in the production of biodiesel 
from microalgae (i.e., extraction of oil from microalgae and transesterification of the 
expelled oil) as the production cost of the fuel will be reduced. However, the drying 
of algal biomass was found to be a prerequisite in order to obtain a high yield and 
conversion of biodiesel when using direct transesterification of the microalgae. 
To prevent oxidation of the unsaturated FAME in biodiesel, Johnson and Wen (2009) 
added 100 ppm butylated hydroxytoluene to the biodiesel. However, the fuel did not 
meet the European standards (EN 14103) specifications, which specify that the ester 
content in biodiesel must be at least 96.5% (Sarin et al., 2009). 

Vijayaraghavan and Hemanathan (2009) reported on the production of biodiesel 
from freshwater algae. A high lipid content of 45 ± 4% was obtained from the micro- 
algae and was used for the synthesis of biodiesel by transesterification using metha- 
nol as a reactant and KOH as a catalyst. Upon transesterification, the fuel properties 
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of biodiesel were determined. The acid value of the biodiesel (0.40 mg KOH g _1 ) was 
within ASTM (American Society for Testing & Materials) D 6751 specifications for 
biodiesel. The values of the other important parameters (i.e., density, ash, flash point, 
pour point, calorific value, cetane number, water content, and copper strip corro- 
sion) were characterized. It was found that some of the parameters (i.e., density, ash, 
flash point, and water content) did not meet the ASTM specifications. The density of 
biodiesel was found to be low (801 kg nr 3 ), whereas the Indian specifications have 
a range of 860 to 900 kg nr 3 . The ash content of the biodiesel was 0.21 mass%, in 
contrast to the 0.01% specified by Indian standards. Similarly, the flash point also 
had a low value of 98°C instead of the minimum value of 120°C. The water content 
(<0.02 vol.%) was also slightly higher than specifications (<0.03 vol.%). However, 
other parameters (i.e., pour point, calorific value, and cetane number) were found to 
be within Indian specifications. 

An in-situ transesterification method has been adopted by Velasquez-Orta et al. 
(2012) for the transesterification of microalgae, Chlorella vulgaris. The in situ 
transesterification of this microalga was performed by combining the two steps of lipid 
extraction and transesterification into a single step. Although the reaction ran to com- 
pletion in less time (75 min) using NaOH as the catalyst, a low conversion of FAME 
(77.6 ± 2.3 wt%) was obtained that does not meet the specifications of the European 
Union (EN 14103), which specifies that the ester content must be at least 96.5% (Sarin 
et al., 2009). However, when an acid catalyst (sulfuric acid) was used, a high FAME 
yield of 96.8 ± 6.3 wt% was obtained although a longer reaction time (20 h) was 
required. Also, a high methanol ratio (600:1) was employed, which will escalate the 
production cost of biodiesel. Tran et al. (2012) produced biodiesel from Chlorella vul- 
garis (ESP-31) using an enzyme ( Burkholderia lipase) as a heterogeneous catalyst. The 
biodiesel was synthesized in two ways: (1) transesterification of microalgal oil, and 
(2) direct transesterification of the microalgae after disruption of its cells by sonica- 
tion. A moderate conversion (72.1%) of the microalgae to biodiesel was obtained with 
the first method, whereas a high conversion (97.25%) was obtained using the second 
method. The immobilized enzyme was reused for six runs without any significant loss 
in catalytic activity. Being catalyzed by an enzyme, the catalyst was found to func- 
tion even in the presence of water (>71.39 wt%). However, a higher molar ratio (67.93, 
methanol to oil) was needed to achieve an ester conversion of greater than 96 wt% of 
oil that will escalate the production cost of the biodiesel. 

The fuel properties of the biodiesel synthesized from the microalgal oil derived from 
Chlorella protothecoides has been investigated by Chen et al. (2012). The microalgal 
oil methyl ester (MOME) with a high ester content (97.7%) demonstrated development 
of biodiesel of high fuel quality with a cold filter plugging point of-13°C, which is an 
indication that the fuel may be used even under extremely cold conditions. The vis- 
cosity of the MOME was 4.43 mm 2 s _1 at 40°C, which is within the specifications for 
biodiesel specified by the ASTM. However, the oxidation stability of the fuel was low 
(4.5 h), which was due to high amounts of unsaturated fatty acid content in the MOME 
(i.e., 90.7 wt%). The induction time as per the Indian and European specifications is at 
least 6 h (Sarin et al., 2009). Hence, it had been recommended that the MOME should 
use up to 20 vol% blended with mineral diesel. A higher blend of biodiesel in mineral 
diesel will require the addition of antioxidants so that the fuel does not get oxidized 
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rapidly and remains within specifications. Siegler et al. (2012) extracted oil from the 
microalgae Auxenochlorella protothecoides and found it to be a potential source for 
biodiesel production. The degree of unsaturation (DU) in the microalgal oil, which is 
a measure of the unsaturated fatty acid content, was determined to be 137. Using the 
DU, the cold filter plugging point value of the biodiesel was expected to be -12°C, 
which can support the use of fuel even in cold climatic conditions. 

Lardon et al. (2009) observed that despite biodiesel derived from microalgae 
having immense potential to provide an alternative source of fuel, energy and 
fertilizer consumption should be reduced for its economic viability. Using Chlorella 
vulgaris as a model species, it has been found that a substantial portion of energy 
consumption amounting to 70% and 90% of the total energy is used for lipid extrac- 
tion when using wet and dry biomass, respectively. Hence, technologies must be 
developed for economical extraction of oil from microalgal cells. Rosch et al. (2012) 
advocate the reuse of residual algal biomass after oil extraction for the supply of 
nutrients, which according to estimates may vary from 0.23 to 1.55 kg nitrogen and 
29 to 145 g phosphorous (depending on the cultivation conditions of microalgae) 
for the production of 1 L biodiesel. 

8.3 THERMOCHEMICAL 

The major cost attributed to the production of biodiesel is the dewatering and drying 
step, which consumes 9 to 16 GJ of energy per ton of biodiesel produced (Chowdhury 
et al., 2012). The dewatering and drying step can be negated if the microalgal oil is 
subjected to pyrolysis for the synthesis of bio-oil as a biofuel. The thermochemical 
method adopted for the preparation of fuel from microalgae is through pyrolysis, 
where the organic compound is thermally decomposed at a high temperature in the 
absence of oxygen. Zou et al. (2009) produced bio-oil by thermochemical catalytic 
liquefaction of Dunaliella tertiolecta. A yield of 97.05% was obtained. The reaction 
conditions were optimized and found to be H 2 S0 4 (2.4 wt%); reaction temperature, 
170°C; and reaction time, 33 min. A high-quality bio-oil was produced that possessed 
significant ester content. The bio-oil also possessed a low ash content of 0.4% to 0.7%. 
However, the product had a low pH value (3.8 to 4.0) and thus necessitates storage in 
acid-resistant bottles (e.g., polypropylene or stainless steel). Thermochemical treat- 
ment resulted in a high calorific value of 28.42 MJ kg -1 . The bio-oil also had a low 
nitrogen content compared to bio-oils produced by methods such as pyrolysis or direct 
liquefaction. A high oxygen content was observed, thus providing the requirement 
for deoxygenation of the bio-oil. The composition of microalgae bio-oil obtained 
through thermochemical catalytic liquefaction consists of several methyl and ethyl 
esters, which result from esterification between organic acids and the glycol solvent, 
and is similar to that of biodiesel. Campanella et al. (2012) performed thermolysis of 
microalgae (consisting of mixed wild culture with Scenedesmus sp. as the principal 
constituent) and duckweed (primarily Wolffia and Spirodela species) in a fixed-bed 
reactor using C0 2 as a sweep gas for the synthesis of bio-oil and called it “bioleum.” 
The thermolysis of microalgae gave a higher bioleum yield in comparison to that from 
the duckweed. This is attributed to the difference in composition of the two feed- 
stocks. The fuel properties of the bioleum were found comparable to heavy petroleum 
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crude oil. The use of microalgal oil over lignocellulosic materials for pyrolysis has 
advantages in the form of lower oxygen concentration and a higher heating value 
for the former. The heating rate during the thermolysis of microalgae was found to 
be an important parameter in the formation of the bioleum, where the slow ther- 
molysis did not produce a liquid fuel that could be used as fuel. Maddi et al. (2011) 
reported that the pyrolysis products of algal (primarily consisting of Lyngbya sp. and 
Cladophora sp.) and lignocellulosic biomass (corncobs, woodchips, and rice husk) 
gave a similar yield of bio-oil. Other compounds that formed along with the bio-oil 
were bio-char, gases, and ash. The calorific value of lignocellulosic bio-char (except 
rice husk) was higher than that of algae-derived bio-char. This has been attributed to 
the higher carbon content in the lignocellulosic biomass. The difference in composi- 
tion of the bio-oil in the two feedstocks was the presence of nitrogenous compounds 
in the algal bio-oils. This is assumed to have occurred through degradation of the 
proteins present in the algae and may decrease its fuel value. 

Chakraborty et al. (2012) synthesized bio-oil from Chlorella sorokiniana in a two- 
step sequential hydrothermal liquefaction technique to produce bio-oil and valuable 
co-products. The bio-oil consisted of 76% carbon, 12% hydrogen, 11% oxygen, 0.78 % 
nitrogen, and 0.16% sulfur. The low nitrogen content avoids the denitrogenation step 
involved in the production of bio-oil. High oxygen content in the bio-oil necessi- 
tates further processing viz. hydrogenation to improve its quality. The yield of the 
bio-oil obtained by this method consisted of 24% of the dry weight, and optimum 
polysaccharide extraction occurred at 160°C. The advantage of the two-step sequen- 
tial hydrothermal liquefaction technique over the direct hydrothermal liquefaction 
technique was a low formation of bio-char in the former (i.e., 7.6% in comparison 
to 20.8% in the latter). Li et al. (2012) synthesized bio-oil from the marine brown 
microalgae, Sargassum patens C. Agardh, via hydrothermal liquefaction within a 
modified reactor. A comparatively moderate yield of 32.1 ± 0.2 wt% bio-oil was 
obtained in 15 min at 340°C. The feedstock used had a concentration of 15 g biomass 
per 150 mL water. The bio-oil obtained had a heating value of 27.1 MJ kg -1 . The 
major constituent of the bio-oil was carbon (64.64%), followed by oxygen (22.04%), 
hydrogen (7.35%), nitrogen (2.45%), and sulfur (0.67%). The characterization of the 
bio-oil by infrared spectroscopy showed a diverse group of compounds consisting of 
fats, alkanes, alkenes, alcohols, ketones, aldehydes, carboxylic acids, phenol, esters, 
ethers, aromatic compounds, nitrogenous compounds, and water. A high concentra- 
tion of water may be the reason for the low calorific value of the bio-oil produced 
from the microalgae. Pie et al. (2012) carried out the co-liquefaction of a Spirulina 
and high-density polyethylene (HDPE) mixture in sub- and super-critical ethanol at 
a reaction temperature of 340°C to obtain bio-oil. The bio-oil thus produced was 
similar to that obtained from the pure HDPE derived bio-oil. The benefit of the co- 
liquefaction process of Spirulina and HDPE was the synthesis of bio-oil that pos- 
sessed a high calorific value (48.35 MJ kg -1 ) due to higher “carbon” and “hydrogen” 
contents and a lower oxygen content. The samples analyzed by gas chromatograph- 
mass spectroscopy (GC-MS) showed different compositions for bio-oil derived from 
Spirulina, HDPE, and Spirulina- HDPE mixture. While the bio-oil derived from 
Spirulina consisted of oxygen-containing compounds along with fatty acids, fatty 
acid esters, and ketones as prominent compounds, the bio-oil derived from pure 
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HDPE consisted of a wide spectrum of hydrocarbons, including saturated and unsat- 
urated aliphatic hydrocarbons. The bio-oil component obtained from the mixture of 
Spirulina and HDPE possessed more hydrocarbons and less oxygen-containing com- 
pounds. Hence, the product of the co-liquefaction of Spirulina and HDPE was similar 
in nature to that of pure HDPE liquefaction with a lower reaction temperature needed 
for thermal degradation of the feedstock. Hu et al. (2012) utilized the microwave- 
assisted pyrolysis of Chlorella vulgaris for the production of bio-oil with a yield of 
35.83 and 74.93 wt% using microwave powers of 1,500 and 2,250 W, respectively. 
It was found that using activated carbon as a catalyst could enhance the bio-fuel 
yield to 87.47%. The calorific value of the microalgae was determined to be low 
(21.88 MJ kg- 1 ). 

Tabernero et al. (2012) evaluated the industrial potential for production of bio- 
diesel from Chlorella protothecoides. It has been estimated that supercritical fluid 
extraction (supercritical C0 2 ) for biomass covering a surface area of 7,500 m 2 
could generate 10,000 tonnes biodiesel per year in a 150-m 3 bioreactor. Lohrey and 
Kochergin (2012), in an attempt to minimize the energy consumption of algal bio- 
fuels, suggested locating a biodiesel plant close to a sugar mill plant to complement 
one another. It has been estimated that a cane sugar mill that discards 15% excess 
bagasse of 10,000 tonnes-per-day capacity can support a 530-ha algae farm to pro- 
duce 5.8 million L biodiesel per year and will also reduce C0 2 emissions from the 
mills by 15%. The input in parameters of C0 2 , energy, and water are estimated at 2.5 
kg kg -1 , 3.4 kW-h kg -1 , and 1.9 L kg -1 , respectively, of algae dry weight. 

The fatty acid composition of feedstock plays a significant role in the quality 
of the biodiesel produced. The European Standard (EN 14214) has limited the 
linolenic acid (08:3) content, to not more than 12%. Wu et al. (2012) studied 
Chlamydomonas sp. as a potential feedstock for the synthesis of biodiesel. It was 
found that Chlamydomonas sp. possessed linolenic acid less than 12% and an 
oleic acid (a monounsaturated fatty acid) constituent of 31.6%. The almost equal 
compositions of saturated and unsaturated fatty acids in Chlamydomonas sp. are 
desirable for a trade-off between the oxidation stability and low-temperature prop- 
erty of the biodiesel. The FAME (fatty acid methyl ester) content in biodiesel was 
found to be 25% of total volatile suspended solids from microalgae cultivated using 
municipal wastewater (Li et al., 2011). Although the ester content in the biodiesel 
was low, the utilization of microalgae for the production of lipids coupled with 
wastewater treatment has environmental and economic significance. Upon increas- 
ing the ester content in the biodiesel by improving the technology, the process will 
become far more attractive. Lam and Lee (2012) are of the opinion that biodiesel 
production will be the ideal product with microalgae as feedstock. To ensure cost 
effectiveness, the residual biomass after lipid extraction can contain high concentra- 
tions of carbohydrates, which should be further utilized for bio-oil and bio-ethanol 
production. Table 8.1 depicts the ester content and calorific value of the biofuels 
(biodiesel and bio-oil). 

A unique method of thermal analysis to differentiate the oleaginous and non- 
oleaginous microorganisms (fungi, algae, and yeasts) was developed by Kang et al. 
(2011). Along with the synthesis of biodiesel, algal biomass residue can be used for 
other purposes. A linear relationship was observed between exothermic heat and 
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the total lipid content in the tested microorganisms. The exothermic heat per dry 
sample mass (kJ g _1 ) in the temperature range from 280°C to 360°C differentiated 
the oleaginous from the non-oleaginous microorganisms. It was found that the heat 
evolved from the oleaginous microorganisms was larger than that from the non- 
oleaginous microorganisms in the specified temperature range. The sharpness of 
the exothermic peak was also more distinct in the oleaginous microorganisms. Kim 
et al. (2011) utilized the residual biomass of Nannochloris oculata as a biosorbent 
for the removal of chromium from aqueous solutions. The biological route can also 
be adopted for biodiesel synthesis. It is anticipated that biodiesel production will 
increase in the coming years and there will be large amounts of residual biomass that 
can be used for the treatment of wastewater. The process for the synthesis of biodiesel 
and bio-oil from microalgae can be depicted through a flowchart (Figure 8.1). 



Microalgae 
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M/ 
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FIGURE 8.1 Steps in the production of bio-oil and biodiesel from microalgae. 
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8.4 WORLD SCENARIO ON PRODUCTION 
AND APPLICATION OF BIODIESEL 

Biodiesel is now produced in several countries worldwide. The various feedstocks used 
in the synthesis of biodiesel range from edible to nonedible oils and fats. As per an 
estimate, Malaysia tops the world in the level of production potential of biodiesel, fol- 
lowed by Indonesia, Argentina, the United States, Brazil, The Netherlands, Germany, 
Philippines, Belgium, and Spain. The feedstock diverted for the production of biodiesel 
in these countries is mostly edible oil (28% soybean oil, 22% palm oil, 11% coconut 
oil, and 5% comprising rapeseed, sunflower, and olive oils). The remaining 20% con- 
stitutes animal fats (Sharma and Singh, 2009). However, the developing nations are net 
importers of edible oil and cannot divert the edible oil for biodiesel production; thus, 
significant emphasis is placed on alternative feedstocks. Waste cooking and frying oil, 
waste fat or oil obtained from animal and fish, and microalgal oil have emerged as 
potential biodiesel feedstocks. Microalgal oil from some species has shown immense 
potential to produce oil if provided with optimum conditions. The total amount of bio- 
diesel produced worldwide was 16,000 ktonnes in 2009 (Santacesaria et al., 2012). The 
country that leads in biodiesel production is Germany, followed by France, the United 
States, Brazil, Argentina, Spain, Italy, Thailand, Belgium, Poland, The Netherlands, 
Austria, China, Columbia, and South Korea. The biodiesel produced in other countries 
amounts to 17% of the total production worldwide (http://www.biofuels-platform.ch/ 
en/infos/production.php?id = biodiesel). Biodiesel production from some of the leading 
countries is listed in Table 8.2. At present, biodiesel is mostly used as transport fuel in 



TABLE 8.2 

Biodiesel Produced by Leading Countries in 2009 
Biodiesel Production 



Country 


(in Ml) 


Percentage (%) 


Germany 


2,859 


16 


France 


2,206 


12 


United States 


2,060 


11 


Brazil 


1,535 


9 


Argentina 


1,340 


7 


Spain 


967 


5 


Italy 


830 


5 


Thailand 


610 


3 


Belgium 


468 


3 


Poland 


374 


2 


Netherlands 


364 


2 


Austria 


349 


2 


China 


338 


2 


Colombia 


330 


2 


South Korea 


300 


2 


Other countries 


2,998 


17 
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compression ignition engines. However, it can also be utilized as fuel to run generator 
sets, etc. 

8.5 BIOFUEL/BIODIESEL FROM MICROALGAL OIL 
AS A POTENTIAL ALTERNATIVE TO OTHER FUELS 

As microalgae possess a simple cellular structure, their capability to efficiently 
convert solar energy into chemical energy is high. The production of oil per unit 
area of land from selected microalgae is around 30 times greater than that of ter- 
restrial plants. The scenario thus looks promising for the production of biodiesel 
from the microalgal oil. There are various steps involved — from the stage of cul- 
tivation of microalgae to the final stage of production of bio-oil or biodiesel. The 
intermediate steps include harvesting, dewatering, concentration, and extraction 
of microalgal oil. The composition of fatty acids and other constituents present 
in plant and animal oils varies considerably from microalgal oil. In addition to 
triglycerides and free fatty acids, microalgal oil contains hydrocarbons, sterols, 
wax and sterol esters, and free alcohols that cannot be saponified. The major 
components in microalgae include carbohydrates, proteins, and lipids. In gen- 
eral, the lipid content of microalgal biomass increases when they are deprived 
of certain nutrients (nitrogen and silicon). However, the deprivation of nitrogen 
and silicon does not necessarily favor all species viz. Euglena, Nannochloropsis 
strains where cell division has been found to be blocked. There are certain species 
(such as Escherichia coli and Saccharomyces cerevisiae) that can be converted to 
oleaginous species (microbes that can accumulate more than 20% of their cellular 
dry weight in lipid) by genetic engineering. Although there are several species of 
microalgae, only a few have been explored with respect to their potential for high 
biomass yield and lipid content. The FAME content in the biodiesel should have 
a minimum value of 96.5%, as per the recommendation of EN 14103 (Sarin et al., 
2009). However, biodiesel synthesized from only a few of the microalgal species 
has fulfilled the minimum criteria of ester content in biodiesel as specified by the 
EN. The reason for this may be attributed to the presence of unsaponifiable constit- 
uents in the microalgae. Microalgal species not fulfilling the minimum specified 
criteria of ester content limits their suitability for biodiesel production. However, 
microalgal oil can be converted to bio-oil by pyrolysis or thermochemical catalytic 
liquefaction. The bio-oil can be further upgraded by chemical or physical means. 
While the chemical upgradation includes processes such as catalytic esterifica- 
tion, catalytic hydroprocessing, and catalytic cracking, the physical upgradation 
can be done by char removal, hot vapor filtration, liquid filtration, or solvent addi- 
tion (Xiong et al., 2011). The present status for the production of biodiesel and 
bio-oil from microalgae is cost intensive. However, the major advantage that the 
microalgae provide is their growth in aquatic environments and their noncompeti- 
tiveness with terrestrial plants. India and many other countries have a vast coastal 
area where microalgae can be grown, cultured, and harvested. The other important 
benefit of microalgae is the suitability of some of the species in wastewater. Thus, 
microalgae cultured with wastewater will have the dual benefit: of the production 
of oil and the treatment/disposal of wastewater. Numerous strains of microalgae 



110 



Biotechnological Applications of Microalgae 



are available in nature, and several of these species may be explored for their 
feasibility to be cultured as oleaginous species. The future seems bright for micro- 
algae to provide a future alternative to the other fuels. 

8.6 CONCLUSION 

The oil extracted from microalgae consists of polar lipids and neutral lipids. The 
neutral lipids consist of triglycerides, free fatty acids, hydrocarbons, sterols, wax 
and sterol esters, and free alcohols. Because only triglycerides and free fatty acids 
are saponifiable, they must be separated from the others so as to convert them to 
biodiesel by esterification or transesterification. The synthesis of biodiesel/bio-oil 
from microalgae involves several steps, including selection of an appropriate species 
among a large diversity of species of microalgae (around 300,000). For the production 
of bio-oil, a thermochemical method is adopted for the preparation of fuel from 
microalgae through pyrolysis, direct combustion, or thermochemical liquefaction, 
wherein the organic compound is thermally decomposed at high temperature 
in the absence of oxygen. A high yield of bio-oil (97.05%) was obtained through 
liquefaction of Dunaliella tertiolecta. Thermochemical catalytic liquefaction has 
an advantage over pyrolysis or direct liquefaction, in that a low nitrogen content is 
present. A high oxygen content has been observed, which requires deoxygenation of 
the bio-oil. Other compounds are also formed along with bio-oil, such as bio-char, 
gases, and ash, all of which lower the calorific value of the fuel. The amount of 
biodiesel obtained from microalgal oil can be enormous The fatty acid composition 
of the feedstock has been found to play a significant role in the composition of the 
biodiesel. A trade-off between the oxidation stability and low-temperature proper- 
ties of biodiesel has been observed and hence a balance between the two must be 
maintained. 
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9.1 MICROALGAE FOR BIOENERGY 

Microalgae are well recognized for their potential to contribute as an important 
energy source as well as to provide a renewable feedstock for commodity organic 
products. Their role as a renewable energy source has promise for both the pro- 
duction of liquid fuels, including diesel, gasoline, and jet fuels, and electricity 
generation. Routes to these energy sources include accumulation of algal oil for 
transesterification to biodiesel, fermentation to alcohols for inclusion in gasoline, 
production of hydrogen, anaerobic digestion to biogas, thermal processing to bio-oil, 
co-combustion, and gasification (Chisti and Yan, 2011). 

The technical feasibility of algal biomass as a source of bioenergy has been demon- 
strated for a number of the products described above. Further evidence of the commer- 
cial interest in these products is demonstrated by both the R&D investment of leading 
energy companies, including Exxon, BP, Chevron, Shell, and Neste Oil (Norsker et al., 
2011), as well as a number of start-up companies attempting commercialization of 
algal fuels (Table 9.1). However, it is recognized that these products remain expensive 
in comparison to petroleum-based products. Further, it is essential to understand the 
environmental benefits of these process routes objectively. Optimization of the product 
spectrum in terms of economic and environmental sustainability is best informed by a 
rigorous analytical approach that informs the key process targets for their improvement. 

This chapter focuses on the economic and environmental impacts of the production 
of algal oil and biodiesel as primary products, owing to the comprehensive analysis 
of these routes. Processing of algal biomass to secondary products in a biorefinery 
approach is included to explore the potential of algal energy more completely. The 
alternative bioenergy products are not considered comprehensively here. 



TABLE 9.1 

Start-Up Companies for Algal Biofuels 



Company 

Algenol Biofuels 
Aquaflow 
Aurora Algae Inc 
Bioalgene 
Bionavitas, Inc. 

Bodega Algae, LLC 
LiveFuels, Inc. 

Petro Algae Inc. 

Phyco Biosciences 
Sapphire Energy, Inc. 
Seambiotic Ltd. 
Solazyme, Inc. 

Solix Biofuels, Inc. 
Synthetic Genomics, Inc. 



Location 

Bonita Springs, FL, USA 
Nelson, New Zealand 
Hayward, CA, USA 
Seattle, WA, USA 
Redmond, WA, USA 
Boston, MA, USA 
San Carlos, CA, USA 
Melbourne, FL, USA 
Chandler, AZ, USA 
San Diego, CA, USA 
Tel Aviv, Israel 

South San Francisco, CA, USA 
Fort Collins, CO, USA 
La Jolla, CA, USA 



Website 

www.algenolbiofuels.com 

www.aquaflowgroup.com 

www.aurorainc .com 

www.bioalgne.com 

www.bionavitas.com 

w w w. bodegaalgae .com 

www. livefuels . com 

www.petroalgae.com 

www.phyco.net 

www.sapphireenergy.com 

www. seambiotic .com 

www.solazyme.com 

www.solixbiofuels.com 

www. syntheticgenomic s .com 



Source: From Chisti and Yan (201 1). 
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9.2 ANALYTICAL TOOLS FOR ASSESSING 
ENVIRONMENTAL SUSTAINABILITY 

Over the past two decades, much work has focused on methodology to assess the 
environmental impact of processes and products. A number of these approaches 
are summarized in Table 9.2, indicating the methodology and nature of the 
assessment. It must be noted that while initially bioprocesses and energy processes 
from renewable resources were assumed to be preferential with respect to lower 



TABLE 9.2 

Approaches to the Quantification of Environmental Sustainability of 
Process Options 



Tool 

Environmental 

Impact 

Assessment 

(EIA) 



Eco-efficiency 



Ecological 

footprinting 



Carbon 
footprinting 
(ISO 14064) 



Life Cycle 
Assessment 
(LCA) (ISO 
14040 series) 



Net energy 
recovery (NER) 



Approach 

“The process of identifying, predicting, evaluating and 
mitigating the biophysical, social, and other relevant 
effects of development proposals prior to major decisions 
being taken and commitments made.” 

A shortcoming is the narrow spatial and temporal scope, 
typically limited to the site of the project. 

Centered on producing cost-effective goods and services 
while reducing their environmental impact; i.e., 
“producing more with less.” 

A measure of the demand placed on the Earth’s resources 
through human activity. This is developed in terms of 
the biologically productive area (land and sea) required 
to produce the materials used and to assimilate the 
wastes produced. Developing consistency in the 
methods used to calculate ecological footprint is 
currently a key focus. 

“A measure of the total amount of carbon dioxide (C0 2 ) 
and methane (CH 4 ) emissions of a defined population, 
system or activity, considering all relevant sources, sinks 
and storage within the spatial and temporal boundary of 
the population, system or activity of interest. Calculated 
as carbon dioxide equivalent (C0 2 e) using the relevant 
100-year global warming potential (GWP100) .” 

Analytical tool to assess environmental impacts of 
processes through definition of goal and scope, inventory 
analysis, impact assessment, interpretation. Uses 
assessment software packages including SimaPro™, 
Umberto®, GaBi™, and TEAM™. 

Key advantages of this approach include that it is not 
location specific, allows comparison across processes, 
and is built on a strong literature database. 

NER = energy produced/energy input 



Ref. 

International 
Association for 
Impact Assessment 
(I AIA), 1999 



Wackernagal et al., 
2002 



UK Carbon Trust, 
2008 



Consoli et al., 1993; 
ISO 14044, 2006 
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environmental impact, it has been demonstrated clearly that this does not necessarily 
hold; hence, objective assessment of the environmental burden of each process is 
essential in product and process selection, in a similar manner to that used to ensure 
economic feasibility. 

Life cycle assessment (LCA) systematically identifies environmental impact and 
opportunities to minimize it, and evaluates these (Curran 2000). It is supported by 
a strong literature database and a well-defined methodology. A track record exists 
for its use in the environmental assessment of biofuels (Kaltschmitt et ah, 1997; 
Kim and Dale, 2005; von Blottnitz and Curran, 2007; Harding et ah, 2008; Evans 
et al., 2009). In conducting the LCA, setting the goal and scope of the study allows 
for selecting a functional unit for comparison and setting the system boundaries. 
A full inventory of the process flowsheet is required, including all raw materials 
and energy, and all emissions and products generated. Data are preferably obtained 
from operating plants; where this is not feasible in new process development, data 
are obtained experimentally, from the literature or through modeling, and validated 
through material and energy balancing. Typically, a cradle-to-gate approach is used 
where the products formed are the same. Where the products formed differ from the 
existing product and result in different emissions and by-products on use, a cradle- 
to-grave approach is needed to consider product use and disposal. In both cases, the 
raw material and energy requirements are expanded to include their pre-processing, 
taking into account extraction from abiotic reserves, cultivation, agricultural pro- 
cesses, etc. Typically, the impact of construction of the process plant and equipment 
is negligible with respect to the impact of the operating plant. In new technology 
environments, this should be verified. This has been demonstrated for algal bio- 
diesel in all categories except land use (Lardon et al., 2009). Where reactors having 
a short life span are used (e.g., polyethylene bags or PVC linings), these need to be 
included in the analysis. For multiple products or by-products, as in the biorefinery, 
environmental burden allocation or substitution is required to allocate the overall 
burden representatively across the products formed. Burden allocation may be done 
based on the mass or volume ratio of useful products or, in some cases, based on 
cost. According to ISO (International Organization for Standardization) guidelines, 
substitution is preferred where possible; that is, the additional product or by-product 
is accounted for through the inventory typical of its conventional process route. This 
handling of multiple products is important as typically the production of multiple 
biofuels has been shown to increase the material and energy efficiency and process 
economics of biomass utilization (Kaparaju et al., 2009). 

Life cycle inventory (LCI) data are used in life cycle impact assessments (LCIAs), 
typically using appropriate software to group the impacts into a manageable set of 
impact categories (mid-point categories), such as abiotic depletion, global warming, 
eutrophication, acidification, toxicity, etc. These may be further grouped into end- 
point categories, such as human health, climate change, and ecosystem quality, 
where appropriate. 

The importance of the holistic study, considering all aspects of resource utilization 
and emission generation, is demonstrated through early-stage biofuel analyses where 
the carbon benefits of land use were counted for first-generation biofuels; however, 
the emissions caused by clearing of the land to grow new feedstock (land-use 
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change) were not estimated (Searchinger, 2008). Fargione (2008) determined that 
the greenhouse gases (GHGs) released from changing natural habitats to biofuel 
cropland were several-fold greater than the offset from displacing fossil fuels, and 
hence a “carbon payback time” was defined to determine the time required before a 
true reduction in GHG resulted. This example drives home the need for an integrated 
assessment of environmental impacts. 



9.3 ENVIRONMENTAL SUSTAINABILITY 
OF MICROALGAL PROCESSES 

9.3.1 Overview of Environmental Assessment of Algal Biodiesel 

While prior studies on biofuels were largely limited to feedstocks of terrestrial plant 
origin, over the past 4 years, a number of studies have been published on the envi- 
ronmental analysis of algal energy processes (Lardon et al., 2009; Batan et al., 2010; 
Clarens et al., 2010; Jorquera et al., 2010; Sander and Murthy, 2010; Stephenson 
et al., 2010; Razon and Tan, 2011; Richardson et al., 2012a). Prior to this, environ- 
mental analyses of algal energy processes were limited to the work of Kadam (2002) 
and Sazdanoff (2006). The former considered the benefit of co-combustion of coal 
and algae in electricity generation, while the latter presented a model for the algal-to- 
biodiesel fuel cycle, including climatic data to simulate production at four locations 
in the United States. In most studies, analyses of the energy and global warming 
potential (GWP) have formed the key assessment criteria, with net energy recovery 
(NER) and LCA being the most frequently used approaches. In all cases, the absence 
of commercial-scale inventory data implies that scale-up estimates from laboratory- 
and pilot-scale data inform these analyses, requiring that a range of assumptions 
must be made on large-scale performance within these systems. In Table 9.3, 
the systems analyzed in each of the studies reported are summarized. These can be 
positioned within the context of Figure 9.1, which provides a block flowsheet of the 
integrated process for the production of biodiesel from microalgae and demonstrates 
the manner in which different studies focus on different components of the process. 
The findings in these studies are discussed in the following sections. 

It must be emphasized that the immature nature of the microalgal biofuels 
process implies that the data have mostly been sourced from laboratory studies, 
modeling, and some pilot-scale research. Variability in data is a source of variation 
in results presented in the literature. As an example, Collet et al. (2010) estimated 
the energy for paddlewheels and pump of water at 0.2 and 0.153 kW-h per kilogram 
algae, respectively, whereas Clarens et al. (2010) suggested values of 0.035 and 
0.029 kW-h per kilogram algae, respectively. Substitution with the lower values 
assumed by Clarens et al. (2010) leads to a 44% reduction in total energy demand. 
Further, lipid productivity has been recognized as a key factor in selecting condi- 
tions for biofuel production (Griffiths and Harrison, 2009; Rodolfi et al., 2009). Lipid 
productivity is the product of lipid content and specific growth rate. It is recognized 
that nutrient limitation results in compromised growth rates and high lipid con- 
tent; hence, care must be exercised to utilize compatible data when estimating lipid 
productivity. Examples are found in the literature where the high specific growth 
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rates of nutrient-replete growth are combined with high lipid content of nitrogen 
limitation to calculate productivity — such productivities are typically unobtainable. 
These examples highlight the importance of data quality and the challenges found 
owing to the absence of reliable production data. Clearly, sensitivity analysis forms 
a key component of these studies. Such sensitivity analyses are presented by, among 
others, Stephenson et al. (2010), Richardson et al. (2012b), Williams and Laurens 
(2010), and Norsker et al. (2011). 

9.3.2 Algal Bioreactors 

In most studies performed to consider the environmental burden of microalgal 
biodiesel, the key contributors to the algal cultivation process have been identi- 
fied across raceway ponds and closed photobioreactors. Across all reactor configu- 
rations, the major contributions to environmental burden in terms of net energy 
ratio, abiotic depletion, and GHGs were incurred from the energy requirement for 
mass transfer and mixing in the reactor, as well as the energy requirement asso- 
ciated with the provision of combined nitrogen for cell growth (Lardon et al., 
2009; Batan et al., 2010; Stephenson et al., 2010; Richardson et al., 2012b). These 
requirements are sensitive to algal biomass concentration, lipid content, and algal 
productivity. Algal productivity and concentration were the most influential (e.g., 
Stephenson et al., 2010; Razon and Tan, 2011), owing to their impact on system 
volume, influencing both energy input for mixing and pumping, and the amounts of 
nutrients required, as previously demonstrated in other microbial systems (Harding 
et al., 2008; Harding et al., 2012). 

Studies by Jorquera et al. (2010), Stephenson et al. (2010), and Richardson 
et al. (2012b) compared selected types of reactors. Jorquera et al. (2010) compared 
horizontal tubular reactors, flat-plate reactors, and raceway ponds using a basis 
of 100 tons algal biomass per year. The closed photobioreactors provided higher 
biomass concentrations, and higher volumetric and areal productivities than ponds. 
Correlated with this, the raceway ponds had an increased land requirement. However, 
their energetic requirements were significantly lower than the closed photobioreac- 
tors. Under their operating conditions, the NER of the horizontal tubular reactor 
illustrated that it was not feasible in terms of either oil or biomass production (NER 
of 0.07 and 0.20, respectively). The NER of the flat-plate reactor was 54% of that 
for the open raceway for oil production (NER of 1.65 and 3.05, respectively) and for 
production of algal biomass (NER of 4.51 and 8.34, respectively). 

Stephenson et al. (2010) compared the performance of the integrated algal 
biodiesel process, from cradle to combustion, using the open raceway and tubular 
airlift photobioreactor and a two-stage cultivation method to maximize lipid for- 
mation under nitrogen starvation in the second stage. In their system, the reactor 
was the dominant contributor to energy consumption. The design of the tubular 
airlift photobioreactor required energy input an order of magnitude greater than 
the raceway on an energy equivalence basis, despite its higher productivity. While 
85% of the energy requirement of the tubular reactor was attributed to operation 
and the remainder to reactor manufacture, the latter exceeded the total GWP of the 
raceway system. 
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Similarly, Richardson et al. (2012b) compared the performance of the raceway, 
horizontal tubular reactor, and airlift tubular reactor as a component of the algal bio- 
refinery producing biodiesel and biogas. Their comparison was made using literature 
data for Phaeodactylum tricornutum, extensively studied in the Aquatic Species 
Programme (Sheehan et al., 1998). Considering an integrated biorefinery system 
with combined biogas production, the relative NER values for these photobioreac- 
tors compared to the raceway were 64% and 8%, respectively. Under the operating 
conditions selected, the NER of the airlift reactor was unacceptable, owing to the 
low productivity achieved relative to the energy input. The airlift reactor can be 
operated at much reduced gas flow rates and concomitant reduction in energy input 
without compromising productivity (data not shown), indicating the need to make 
these comparisons using optimized performance data relevant to commercial-scale 
operation. In all cases, the reactor energy requirement dominated that of the process, 
with that of the horizontal tubular reactor being some twofold that of the raceway 
per unit biodiesel. Owing to the lower biomass and oil concentrations achieved in the 
raceway reactor, this advantage of reduced reactor energy was partially offset by the 
greater pumping energy required for the larger volume processed from the raceway 
(2.2-fold); the pumping energy within the raceway biorefinery is a quarter of the 
reactor energy requirement. Extending the analysis beyond energy, the acidification 
and eutrophication impacts of the horizontal tubular reactor were 61% and 73%, 
respectively, of the raceway system under the standard operating conditions selected. 
The GWP was negative for the raceway system compared to a positive value of 60% 
for the horizontal tubular reactor. 

Recognizing the increased energy requirement of traditional photobioreactors for 
mixing and mass transfer as well as manufacture, Batan et al. (2010) assessed the 
sparged polyethylene photobioreactor bags. While they report positive NER values for 
these systems, agreement in the literature with respect to the feasibility of the airlift 
system for biofuel production has not been found and further assessment is required. 

Razon and Tan (2011) assessed the combined production of biodiesel and biogas 
using Haematococcus pluvialis. While low biomass concentrations and productivity 
resulted in a negative NER, the energy requirement of the flat-plate bioreactor used 
for intermittent inoculum supply exceeded that of the raceway system used for large- 
scale production by some twofold, thus confirming the much higher energy demand 
per unit biofuel in closed reactor systems. 

Stephenson et al. (2010) disaggregated the contributions to the reactor energy and 
GWP in the tubular airlift reactor and raceway pond. These are shown relatively in 
Figure 9.2 (see color insert), where the total fossil energy requirements estimated 
for cultivation in the tubular airlift reactor and raceway under standard conditions 
were approximately 230 and 29 GJ per tonne biodiesel formed, respectively. The 
corresponding GWPs were 13,550 and 1,900 kg C0 2 per tonne biodiesel, respec- 
tively. In addition to the magnitude, the relative values illustrate that electrical energy 
for mixing and mass transfer dominates the reactor energy and related GWP in the 
tubular reactor. The lower mixing energy in the raceway results in the energy for com- 
bined nitrogen provision being significant. Furthermore, the much larger raceways 
required, owing to lower productivities achieved, lead to the construction compo- 
nents making a more dominant contribution, especially the PYC liners of the ponds. 
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FIGURE 9.2 (See color insert.) The relative contribution of fossil energy (left) and GWP 
(right) to the total requirements for microalgal biodiesel production using a tubular airlift 
reactor (upper) and a raceway (lower). From the LCA of C. vulgaris conducted by Stephenson 
et al. (2010) under standard conditions. The total fossil energy requirements of 230 and 29 GJ 
and GWP of 13,550 and 1,900 kg C0 2 per tonne biodiesel formed were estimated for the 
tubular reactor and raceway, respectively. 

9.3.3 Nutrient Provision for Microalgal Culture 

C0 2 provision to raceway ponds through additional sparging of compressed C0 2 
contributed some 40% of the energy consumption and 30% GHG emissions 
(Clarens et al., 2010). Alternatively, co-location with industries or facilities with high 
C0 2 emissions (such as power stations, fermentation plants, or anaerobic digester 
systems) may facilitate reduced contributions for effective C0 2 provision. This 
has been demonstrated; however, it is noted that the C0 2 source may influence the 
productivity achieved and interacts with the supply of other nutrients. Stephenson 
et al. (2010) modeled the impact of C0 2 concentration in the gas to be compressed 
for sparging into either the raceway or tubular reactor system. Owing to the influence 
of C0 2 concentration on both concentration driving force (and hence transfer rate) 
and on the volume of gas to be compressed, its impact is significant, with the fos- 
sil energy requirement nearly doubling on decreasing the C0 2 concentration from 
12.5% (typical of flue gases) to 9% and increasing fourfold on decrease to 5% by 
volume in the raceway system. The design of a low-depth carbonation sump also 
favors reduced energy consumption. 
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It is increasingly recognized that the provision of nutrients, especially 
combined nitrogen, to bioprocesses affects their life-cycle impact (Harding 2009; 
Harding et al., 2012). Lardon et al. (2009) illustrated that the provision of fertil- 
izer accounted for 15% to 25% of the energy requirements per unit biodiesel. This 
was substantially reduced under nitrogen-limited conditions (6% to 9%). Clarens 
et al. (2010) illustrated that 50% of the energy requirement and GWP for biomass 
production is attributable to nutrient provision in their raceway system. The poten- 
tial exists to replace these with wastewaters such as effluent from the conventional 
activated sludge process or source-separate urine. The former has the potential 
to provide a water supply simultaneously. Similar benefits can be achieved by 
maximizing the nutrient recycle (Stephenson et al., 2010; Richardson, 2011) and 
minimizing the nitrogen input required, either by optimizing the nitrogen limitation 
or selecting an algal species of low nitrogen content, for example, Phaeodactylum 
tricornutm at 0.8% N over algal species with a typical nitrogen content of 6% by 
mass (Richardson et al., 2012b). 

9.3.4 Biomass Recovery 

Dewatering of the dilute algal suspensions required to minimize light limitation in 
the bioreactor is recognized as a key challenge in large-scale algal processes. This 
is aggravated by small algal cell size and a density only slightly greater than that 
of water. An initial dewatering step is required to achieve a solids concentration of 
1% to 2.5% by mass prior to concentration using an energy-intensive operation such 
as centrifugation to a solids concentration of 5% to 20% (Benemann and Oswald, 
1996). Ideally, flocculation and sedimentation are used for the primary dewatering, 
facilitated by the algal species selected (Lardon 2009; Stephenson et al., 2010). Other 
options include natural settling (Collet et al., 2010), filtration (Yang et al., 2011), and 
dissolved air flotation (Campbell et al., 2010). The decanter centrifuge, spiral-plate 
centrifuge, and rotary press are most typically proposed for the second dewatering 
step (Lardon et al., 2009; Campbell et al., 2010; Clarens et al., 2010; Collet et al., 
2010; Stephenson et al., 2010). Stephenson et al. (2010) report a relative electricity 
consumption for flocculation of 1 unit versus 4 units for centrifugation and 14.4 units 
for the cultivation. On using a more dilute algal culture, as typically found with the 
raceway, both pumping energy and the need to increase flocculant supplied to main- 
tain its volumetric concentration impact the process. 

9.3.5 Biomass Drying and Conversion 

In a number of studies, it has been assumed that the biodiesel production from algal 
oil should be conducted using the same approach as for vegetable oil. This requires 
the drying of the algal biomass to 90% solids by mass (Sazdanoff 2006; Lardon 
et al., 2009; Batan et al., 2010; Yang et al., 2011). Typically, belt or drum drying 
is used, with energy provided by natural gas. This may represent the major or a 
significant portion of the energy demand of the process. Sander and Murthy (2010) 
estimated that 89% of the energy requirement of their “well-to-pump,” raceway- 
based algal biodiesel system was required for drying the intermediate product prior 
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to conversion to biodiesel, using a natural gas powered dryer. Razon and Tan (2011) 
attributed 48% of their energy requirement (310 MJ per tonne biodiesel) to drying, 
following production of 1 kg FAME and 1.5 m 3 biogas using a raceway pond. Drying 
of the biomass is only feasible where natural resources (e.g., solar drying) can be 
used while preventing lipid oxidation (Lardon et al., 2009). 

Furthermore, the requirement of cell disruption for product recovery has also 
been considered. Razon and Tan (2011) demonstrated that the energy input to the 
bead mill for disruption of Haematococcus pluvialis formed the greatest contribution 
to the process energy required (>30%). Stephenson et al. (2010) estimated cell dis- 
ruption by high-pressure homogenization to account for approximately 5 GJ tonne -1 
biodiesel formed and 320 kg C0 2 eq tonne -1 biodiesel in GWR The need for cell 
disruption is a function of both the flowsheet selected and the algal species. 

In a comparison of the hypothetical wet and dry processing routes for the trans- 
esterification to biodiesel, the benefit of developing an effective wet processing route 
for which a discrete cell disruption step and rigorous drying are not essential is 
clearly demonstrated (Lardon et al., 2009). The energy requirement was reduced to 
70% to 75% of the dry processing route while the energy recoverable through further 
processing of the oil cake increased by 67% to 115%. Overall, the additional energy 
recoverable was 0.6 to 1.1 MJ per 1 MJ biodiesel. Direct esterification in the presence 
of water has been demonstrated under analytical conditions (Griffiths et al., 2010) 
and requires further optimization for large-scale use. 

9.3.6 Impact of Species Selection 

Richardson (2011) has demonstrated the importance of the selection of algal species 
on the environmental impact of the biodiesel process. Factors to consider include 
the specie’s ability to scavenge light and C0 2 , growth rate, lipid content, cell size, 
cell wall strength, digestibility, ability to settle without flocculation, as well as the 
nitrogen content of the biomass. The combination of these influences the volume of 
the process, the relative recovery of biodiesel to biogas, the selection of downstream 
processing equipment, and the need to pretreat the algae prior to fermentation or 
digestion. 

9.3.7 The Biorefinery 

During the production of algal biodiesel, an algal cake remains and can form a 
feedstock for further product formation. Potential commodity by-products include 
an algal biomass suitable for animal feed, fermentation of the carbohydrate portion 
of the algal biomass to ethanol (Sandler and Murthy, 2010), or anaerobic digestion 
of the algal cake to biogas. Here we consider the co-production of algal biogas to 
demonstrate the multi-product approach (Campbell et al., 2010; Stephenson et al., 
2010; Richardson et al., 2012). Stephenson et al. (2010) investigated two modes of cell 
disruption and assumed that only disrupted cells were digested. While the anaero- 
bic digestion of Spirulina platensis was similar in the presence and absence of cell 
disruption, disruption was essential for Scenedesmus, which also exhibited signifi- 
cant resistance to disruption. Collet et al. (2010) demonstrated anaerobic digestion 



